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Abstract
Increasing awareness of personal health conditions has emerged as a key driver in point-of-
care breath analysis for early diagnosis. This also demands real-time monitoring of air pol-
lution based on internet of things (IoT) networks. Both systems rely on the development of
scalable mobile-embeddable devices. Conventional devices face challenges like high power
consumption, severe baseline drifts, and cross-analyte interferences, compromising the de-
tection accuracies. Recently, 2D nanomaterials and their functionalization with metal oxides
(MOx) have become attractive for high performing sensors. Solution processing of these ma-
terials coupled with inkjet printing can be promising for fabricating low-cost devices.
I have addressed the abovementioned challenges from the perspectives of materials, de-
vice fabrication, and algorithmic approaches. I develop an inkjet-printed array of graphene-
ZnO and graphene-WO3 system integrated onto miniaturized CMOS platforms to detect
NH3 and acetone for potential diagnosis of diseases. I also develop a machine-intelligent
classification system based on inkjet-integrated 𝛼-Fe2O3-rGO CMOS devices to selectively
measure NO2 air pollutants.
The ink formulation and the theoretical model I develop facilitate uniform printed mor-
phology, achieving excellent device reproducibility. Coupled with temperature modulation
(TM) algorithms I develop, the devices achieve high responsivity, eliminated baseline drift,
reduced response/recovery time, high SNR, and extraordinary repeatability. Moreover, a
sensor array is established for compensation of cross-analyte interference. The influences
of interferents are addressed by machine learning (ML) approaches. The predictive system
quantifies NO2 concentrations under different humidity conditions, with excellent separa-
tion between classes. Furthermore, the fully inkjet-printed room temperature NO2 sensors
assembled within the developed multi-sensory hub have performed reliable measurements
in a real-world environment.
My strategy to combine the sensing material, inkjet printing onto the CMOS platform,
and TM/ML algorithms promises a robust system that outperforms conventional devices.
The versatile technologies enable reliable multi-material array for potential multi-disease
diagnostics. The systems developed also pave the way for ubiquitous implementation of
adaptive wireless-connected monitoring systems.
Publications
Peer-reviewed journal articles
(1) Tien-Chun Wu, Andrea De Luca, Qinyu Zhong, Xiaoxi Zhu, Osarenkhoe Ogbeide,
Doo-Seung Um, Guohua Hu, Tom Albrow-Owen, Florin Udrea, and Tawfique Hasan.
Inkjet-printed CMOS-Integrated Graphene-Metal Oxide Sensors for Breath Analysis.
npj 2D Materials and Applications, 3(42), 2019.
(2) Zongyin Yang, Tom Albrow-Owen, Hanxiao Cui, Jack Alexander-Webber, Fuxing
Gu, Xiaomu Wang, Tien-Chun Wu, Minghua Zhuge, Calum Williams, Pan Wang,
Anatoly V. Zayats, Weiwei Cai, Lun Dai, Stephan Hofmann, Mauro Overend, Limin
Tong, Qing Yang, Zhipei Sun, and Tawfique Hasan. Single-nanowire spectrometers.
Science, 365(6457):1017–1020, 2019.
(3) Leonard Wei Tat Ng, Xiaoxi Zhu, Guohua Hu, Nasiruddin Macadam, Dooseung Um,
Tien-Chun Wu, Frederic Le Moal, Chris Jones, and Tawfique Hasan. Conformal
Printing of Graphene for Single‐ and Multilayered Devices onto Arbitrarily Shaped
3D Surfaces. Advanced Functional Materials, 29(36):1807933, 2019.
(4) Guohua Hu, Tom Albrow-Owen, Xinxin Jin, Ayaz Ali, Yuwei Hu, Richard C T Howe,
Khurram Shehzad, Zongyin Yang, Xuekun Zhu, Robert I Woodward, Tien-ChunWu,
Henri Jussila, Jiang-Bin Wu, Peng Peng, Ping-Heng Tan, Zhipei Sun, Edmund J R
Kelleher, Meng Zhang, Yang Xu, and Tawfique Hasan. Black phosphorus ink formu-
lation for inkjet printing of optoelectronics and photonics. Nature Communications,
8(1):278, 2017.
(5) Xinxin Jin, Guohua Hu, Meng Zhang, Yuwei Hu, Tom Albrow-Owen, Richard C. T.
Howe, Tien-Chun Wu, Qing Wu, Zheng Zheng, and Tawfique Hasan. 102 fs pulse
generation from a long-term stable, inkjet-printed black phosphorus-mode-locked fiber
laser. Optics Express, 26(10):12506, 2018.
vi
Submitted/Under review
(1) Tien-ChunWu, Jie Dai, Guohua Hu, Wen-Bei Yu, Osarenkhone Ogbeide, Andrea De
Luca, Xiao Huang, Bao-Lian Su, Yu Li, Florin Udrea, and Tawfique Hasan. Machine-
intelligent inkjet-printed 𝛼-Fe2O3/rGO towards NO2 detection in ambient humidity.
Sensors and Actuators B: Chemical (under review), 2020.
(2) Xiaoxi Zhu, Leonard Ng, Guohua Hu, Tien-Chun Wu, Doo-Seung Um, Nasiruddin
Macadam, and Tawfique Hasan. Hexagonal boron nitride enhanced optically trans-
parent polymer dielectric inks for printable electronics. ACS Nano (under review),
2019.
(3) Guohua Hu, Lisong Yang, Zongyin Yang, Yubo Wang, Xinxin Jin, Jie Dai, Qing
Wu, Shouhu Liu, Xiaoxi Zhu, Xiaoshan Wang, Tien-Chun Wu, Richard Howe, Tom
Albrow-Owen, Leonard Ng, Qing Yang, Luigi Occhipinti, Robert Woodward, Ed-
mund Kelleher, Zhipei Sun, Xiao Huang, Meng Zhang, Colin Bain, and Tawfique
Hasan. A general ink formulation of 2d crystals for wafer-scale inkjet printing. Sci-
ence Advances (under review), 2019.
(4) Wen-Bei Yu, Wen-Da Dong, Chao-Fan Li, Nasiruddin Macadam, Guo-Bin Zhang,
Jiu-Xiang Yang, Tien-Chun Wu, Yu Li, Tawfique Hasan, Hong-En Wang, Li-Hua
Chen, Li-Qiang Mai, and Bao-Lian Su. Interwoven scaffolded titanium oxide/carbon
nanotubes framework for high-performance sodium-ion battery. Submitted, 2019.
Conference presentations
(1) Tien-Chun Wu, Andrea De Luca, Tom Albrow-Owen, Guohua Hu, Florin Udrea,
and Tawfique Hasan. Inkjet-Printed Graphene/ZnO Ammonia Sensor for Personal
Healthcare Monitoring. In Materials Research Society Symposium, Boston, USA,
2018.
(2) Tien-Chun Wu, Guohua Hu, Jie Dai, Andrea De Luca, Xiao Huang, Florin Udrea,
and Hasan Tawfique. Printed graphene-based sensors for air quality monitoring. In
The Nanotube Conference, Beijing, China, 2018.
(3) Guohua Hu, Tien-Chun Wu, Jie Dai, Leonard Ng, Xiaoxi Zhu, Xiao Huang, and
Tawfique Hasan. Functional inkjet printing inks of graphene/oxide for gas sensors.
In The Nanotube Conference, Beijing, China, 2018.
vii
(4) Tien-Chun Wu, Andrea De Luca, Tom Albrow-Owen, Florin Udrea, and Tawfique
Hasan. Inkjet-printed graphene zinc oxide ammonia sensor for personal healthcare
monitoring. In Cyber Physical Systems, Cambridge, UK, 2017.
(5) Zongyin Yang, Guohua Hu, Richard Howe, Tom Albrow-Owen, Shouhu Liu, Tien-
ChunWu, Leonard Ng, Yubo Wang, Qing Yang, and Tawfique Hasan. High Device-
Device Uniformity Using Inkjet-Printable Transition Metal Dichalcogenide Functional
Inks. In Materials Research Society Symposium, Boston, USA, 2017.
Conference proceedings
(1) Xinxin Jin, Guohua Hu, Meng Zhang, Yuwei Hu, Qianchao Wu, Tom Albrow-Owen,
Richard Howe, Tien-Chun Wu, Zheng Zheng, and Tawfique Hasan. Stable, inkjet
printed temperature- and humidity-resistant black phosphorus for ultrafast lasers. In
Conference on Lasers and Electro-Optics, page JTh2A.82, Washington, D.C., 2018.
OSA.
(2) Qianchao Wu, Guohua Hu, Meng Zhang, Xinxin Jin, Yuwei Hu, Ting Li, Tom Albrow-
Owen, Richard Howe, Tien-Chun Wu, Zheng Zheng, and Tawfique Hasan. Inkjet-
printed optically uniform transition metal dichalcogenide saturable absorbers. In Con-
ference on Lasers and Electro-Optics, page JTh2A.83, Washington, D.C., 2018. OSA.
(3) Xinxin Jin, Guohua Hu, Meng Zhang, Yuwei Hu, Qianchao Wu, Tom Albrow-Owen,
Richard Howe,Tien-ChunWu, Zheng Zheng, and Tawfique Hasan. Ultrafast dispersion-
managed fiber laser mode-locked by black phosphorus saturable absorber. In Confer-
ence on Lasers and Electro-Optics, page SF3K.2, Washington, D.C., 2018. OSA.
(4) Xinxin Jin, Guohua Hu, Meng Zhang, Yuwei Hu, Tom Albrow-Owen, Richard Howe,
Tien-Chun Wu, Xuekun Zhu, Zheng Zheng, and Tawfique Hasan. Observation of
tunable dual-wavelength in a fiber laser mode-locked by black phosphorus. In Opto-
Electronics andCommunications Conference and PhotonicsGlobal Conference, pages
1–2. IEEE, 2017.
(5) Xinxin Jin, Guohua Hu, Meng Zhang, Yuwei Hu, Tom Albrow-Owen, Richard Howe,
Tien-ChunWu, Xuekun Zhu, Zheng Zheng, and Tawfique Hasan. Wideband tunable
ultrafast fiber laser using blackphosphorus saturable absorber. In Opto-Electronics
andCommunications Conference and PhotonicsGlobal Conference, pages 1–3. IEEE,
2017.
viii
(6) Xinxin Jin, Guohua Hu, Meng Zhang, Yuwei Hu, Tom Albrow-Owen, Richard Howe,
Tien-Chun Wu, Xuekun Zhu, Zheng Zheng, and Tawfique Hasan. Long term stable
black phosphorus saturable absorber for mode-locked fiber laser. In Conference on
Lasers and Electro-Optics, page SW4K.1, Washington, D.C., 2017. OSA.
Table of contents
List of figures xiii
List of tables xvii
List of abbreviations and symbols xviii
1 Introduction 1
1.1 Background and motivations . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aims of the project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2 Electrically-transduced Sensors 6
2.1 Overview of sensing architectures . . . . . . . . . . . . . . . . . . . . . . 7
2.1.1 Electrochemical sensors . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.2 Field effect transistors (FET) . . . . . . . . . . . . . . . . . . . . . 9
2.1.3 Chemiresistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Sensing mechanisms of MOx chemiresistive sensors . . . . . . . . . . . . 12
2.2.1 Analyte-material interactions . . . . . . . . . . . . . . . . . . . . . 12
2.2.2 Transduction mechanisms . . . . . . . . . . . . . . . . . . . . . . 14
2.3 Performance measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1 Characteristic measures . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.2 Sustainability measures . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4 Computational approaches for analyte classification . . . . . . . . . . . . . 18
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3 Materials for Sensing 21
3.1 Graphene and 2D materials . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.1.1 Material and sensing properties . . . . . . . . . . . . . . . . . . . 22
3.1.2 Production methods . . . . . . . . . . . . . . . . . . . . . . . . . 23
Table of contents x
3.1.3 Sensing applications . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2 Graphene-metal oxide (MOx) hybrid . . . . . . . . . . . . . . . . . . . . . 30
3.2.1 Functionalization with MOx . . . . . . . . . . . . . . . . . . . . . 30
3.2.2 Sensing mechanisms of graphene-MOx hybrid . . . . . . . . . . . 32
3.2.3 Approaches for performance improvement . . . . . . . . . . . . . . 33
3.2.4 Production methods . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2.5 Sensing applications . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3 Material characterization techniques . . . . . . . . . . . . . . . . . . . . . 43
3.3.1 Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3.2 Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4 Ink Systems for Device Fabrication 48
4.1 Overview of printing technologies . . . . . . . . . . . . . . . . . . . . . . 49
4.1.1 Flexographic printing . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.1.2 Gravure printing . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.1.3 Screen printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.2 Rheological properties of ink systems . . . . . . . . . . . . . . . . . . . . 51
4.3 Inkjet printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3.1 Principle and processes . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3.2 Ink preparation: Ultrasonic Assisted Liquid Phase Exfoliation (UALPE) 54
4.3.3 Jetting properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.3.4 Coffee ring effect and suppression approaches . . . . . . . . . . . . 60
4.3.5 Droplet impact and spreading . . . . . . . . . . . . . . . . . . . . 61
4.3.6 Modelling of inkjet morphology . . . . . . . . . . . . . . . . . . . 63
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5 Signal Transformation, Processing and Algorithmic Approaches 67
5.1 CMOS device platform . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.2 Measurement setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.2.1 Gas testing rig and software interface . . . . . . . . . . . . . . . . 69
5.2.2 Electrical measurement . . . . . . . . . . . . . . . . . . . . . . . . 70
5.3 Machine learning for analyte classification . . . . . . . . . . . . . . . . . . 74
5.3.1 Signal pre-processing . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.3.2 Cluster analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.4 Internet of things (IoT) implementation . . . . . . . . . . . . . . . . . . . 77
5.4.1 IoT architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
Table of contents xi
5.4.2 The sensor platform . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.4.3 Field trial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6 Detection of Ammonia 84
6.1 Ink formulation and characterization . . . . . . . . . . . . . . . . . . . . . 85
6.1.1 Production and formulation of graphene-MOx inks . . . . . . . . . 85
6.1.2 Characterization of inks . . . . . . . . . . . . . . . . . . . . . . . 87
6.1.3 Characterization of printed films . . . . . . . . . . . . . . . . . . . 89
6.2 Sensing mechanisms and performances . . . . . . . . . . . . . . . . . . . 92
6.3 Temperature modulation (TM) technique . . . . . . . . . . . . . . . . . . . 96
6.3.1 Temperature dependency analysis . . . . . . . . . . . . . . . . . . 96
6.3.2 Temporal analysis of mechanisms . . . . . . . . . . . . . . . . . . 97
6.3.3 Signal processing for TM mode . . . . . . . . . . . . . . . . . . . 99
6.3.4 Performances in TM mode . . . . . . . . . . . . . . . . . . . . . . 99
6.4 Comparisons between operating modes . . . . . . . . . . . . . . . . . . . 100
6.5 Performances in ambient environment . . . . . . . . . . . . . . . . . . . . 101
6.6 Cross-sensitivity and compensation . . . . . . . . . . . . . . . . . . . . . 104
6.7 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
7 Detection of Acetone 106
7.1 Ink formulation and material characterization . . . . . . . . . . . . . . . . 106
7.2 Sensing performances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.3 Performances in TM mode . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.4 Compensation of cross-analyte interference for disease diagnosis . . . . . . 115
7.5 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
8 Detection of Nitrogen Dioxide 118
8.1 Ink formulation and characterization . . . . . . . . . . . . . . . . . . . . . 119
8.2 Sensing mechanism and performances . . . . . . . . . . . . . . . . . . . . 122
8.3 Performance in TM mode . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
8.4 Cross-selectivity measurements . . . . . . . . . . . . . . . . . . . . . . . . 125
8.5 Machine learning for selectivity improvement . . . . . . . . . . . . . . . . 127
8.6 Field trial - the InnovateUK Project . . . . . . . . . . . . . . . . . . . . . 129
8.6.1 Printed devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
8.6.2 Measurement results in the laboratory . . . . . . . . . . . . . . . . 130
8.6.3 Compensation for RH levels . . . . . . . . . . . . . . . . . . . . . 131
Table of contents xii
8.6.4 Measurement system . . . . . . . . . . . . . . . . . . . . . . . . . 132
8.6.5 Field trial results . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
8.7 Summary of results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
9 Conclusions 135
9.1 Strategies and achievements . . . . . . . . . . . . . . . . . . . . . . . . . 135




1.1 Illustration of breath analysis . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.1 Logical structure of a chemical sensor . . . . . . . . . . . . . . . . . . . . 7
2.2 Common types of commercial gas sensors . . . . . . . . . . . . . . . . . . 8
2.3 Working principles of electrochemical gas sensors . . . . . . . . . . . . . . 9
2.4 Schematics of a graphene-based FET gas sensor . . . . . . . . . . . . . . . 9
2.5 Schematics of sensors architectures . . . . . . . . . . . . . . . . . . . . . . 11
2.6 Schematics of receptor and transducer functions . . . . . . . . . . . . . . . 12
2.7 Grain-controlled models . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.8 Modulation of Schottky barrier during gas sensing . . . . . . . . . . . . . . 15
2.9 Illustration of performance measures . . . . . . . . . . . . . . . . . . . . . 16
2.10 Block diagram for signal processing of multi-analyte sensor array. . . . . . 19
3.1 Molecular and band structure of common 2D materials . . . . . . . . . . . 23
3.2 Illustration of CVD setup and processes . . . . . . . . . . . . . . . . . . . 24
3.3 Commonly used LPE techniques . . . . . . . . . . . . . . . . . . . . . . . 25
3.4 Pioneer graphene NO2 sensor . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.5 Representative graphene nanomesh NO2 sensor . . . . . . . . . . . . . . . 27
3.6 Representative graphene-based NH3 sensors . . . . . . . . . . . . . . . . . 28
3.7 Representative graphene VOC sensor . . . . . . . . . . . . . . . . . . . . 28
3.8 Representative graphene-based humidity sensor . . . . . . . . . . . . . . . 29
3.9 Band diagram illustration of graphene-MOx hybrid . . . . . . . . . . . . . 32
3.10 Effect of graphene loading on sensing . . . . . . . . . . . . . . . . . . . . 33
3.11 Setup for hydro/solvothermal synthesis . . . . . . . . . . . . . . . . . . . . 35
3.12 Literature survey on MOx/graphene-based NH3 sensors . . . . . . . . . . . 40
3.13 Literature survey on MOx/graphene-based NO2 sensors . . . . . . . . . . . 42
3.14 Raman fitted with peaks of interest . . . . . . . . . . . . . . . . . . . . . . 45
3.15 Raman mapping of BP sample . . . . . . . . . . . . . . . . . . . . . . . . 45
List of figures xiv
3.16 AFM images of UALPE exfoliated graphene flakes . . . . . . . . . . . . . 47
4.1 Schematics of flexographic and gravure printing techniques . . . . . . . . . 49
4.2 Illustration of screen printing . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3 Typical profiles of printed morphologies from different ink viscosities . . . 51
4.4 Rheological profiles and measurement setups . . . . . . . . . . . . . . . . 52
4.5 Schematics of common inkjet printing principles . . . . . . . . . . . . . . 53
4.6 Practical inkjet printer setup and ink deposition . . . . . . . . . . . . . . . 54
4.7 Illustration of graphene ink formulation process. . . . . . . . . . . . . . . . 55
4.8 Optimal solvent parameters for LPE-processed inks . . . . . . . . . . . . . 56
4.9 Literature survey of inkjet-printed of 2D material inks . . . . . . . . . . . . 57
4.10 Jetting properties of inkjet printing . . . . . . . . . . . . . . . . . . . . . . 59
4.11 Illustrations of the effects of Marangoni flow . . . . . . . . . . . . . . . . . 60
4.12 Schematics of printed morphologies for droplet impact and spreading model 63
4.13 Images of printed lines under variations of 𝑑′ and 𝑟′ . . . . . . . . . . . . . 63
4.14 Simulated boundary conditions mapped onto printed morphologies . . . . . 66
5.1 CMOS microhotplate platform . . . . . . . . . . . . . . . . . . . . . . . . 68
5.2 Gas characterization system setup. . . . . . . . . . . . . . . . . . . . . . . 69
5.3 Software interface of test rig. . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.4 PCB board for laboratory gas characterization. . . . . . . . . . . . . . . . . 71
5.5 Software interface for controlling the board. . . . . . . . . . . . . . . . . . 71
5.6 PCB board for real-world gas characterization. . . . . . . . . . . . . . . . . 72
5.7 Circuitry for the PCB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.8 Software interface for gas characterization. . . . . . . . . . . . . . . . . . . 74
5.9 Feature extraction methods used for computational analysis. . . . . . . . . 75
5.10 Output of various classification algorithms. . . . . . . . . . . . . . . . . . 76
5.11 Illustration of the spatial deployment of my IoT architecture. . . . . . . . . 77
5.12 Image of IoT multi-sensory platform prototype . . . . . . . . . . . . . . . . 79
5.13 Cloud-based interface showing realtime sensor data. . . . . . . . . . . . . . 80
5.14 Image of IoT platform deployment sites . . . . . . . . . . . . . . . . . . . 80
5.15 Results of IoT platform trials . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.16 AQI data computed from the 3 platforms. . . . . . . . . . . . . . . . . . . 81
5.17 A flowchart of realtime Twitter alert. . . . . . . . . . . . . . . . . . . . . . 82
6.1 Illustration of graphene-ZnO ink formulation process. . . . . . . . . . . . . 85
6.2 TGA of pre-mixed inks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.3 Characterization of ZnO-graphene inks and printed films . . . . . . . . . . 87
List of figures xv
6.4 Illustration of inkjet deposition; and fabricated CMOS device . . . . . . . . 89
6.5 TGA of PVP polymer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.6 Histogram of lateral and thickness distributions of graphene flakes . . . . . 91
6.7 Material characterization of printed film . . . . . . . . . . . . . . . . . . . 92
6.8 Sensing mechanisms on NH3 detection with graphene-ZnO in ISO mode . . 93
6.9 NH3 responsivity as function of temperature in ISO mode . . . . . . . . . . 94
6.10 Response curves for ZnO, ZG-3, ZG-6 in 300 ∘C ISO mode . . . . . . . . . 95
6.11 Responses of control group under exposure of NH3 . . . . . . . . . . . . . 95
6.12 Sensing mechanism on graphene-MOx NP at different temperature conditions 97
6.13 Stage-by-stage temporal response in temperature modulation mode . . . . . 98
6.14 Computational approach of temperature modulation . . . . . . . . . . . . . 99
6.15 Performance under TM mode . . . . . . . . . . . . . . . . . . . . . . . . . 100
6.16 Performance enhancement of TM over ISO mode. The statistics is derived
from Fig. 6.10 and 6.15. . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.17 Performance in air environment using TM mode . . . . . . . . . . . . . . . 102
6.18 Hysteresis characteristics of the NH3 sensor. The characteristics is derived
from Fig 6.17(c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.19 Selectivity of NH3 in TM mode . . . . . . . . . . . . . . . . . . . . . . . . 105
7.1 Ink droplet generation from a nozzle. . . . . . . . . . . . . . . . . . . . . . 107
7.2 Fabricated WO3-graphene CMOS sensor and its Raman characterization . . 108
7.3 Acetone responses at various operating temperatures in ISO mode . . . . . 109
7.4 ISO mode responsivity of all devices as a function of temperature . . . . . 110
7.5 Response and recovery time as function of temperature . . . . . . . . . . . 111
7.6 Normalized response comparing various graphene loading . . . . . . . . . 113
7.7 Response time for different operating modes . . . . . . . . . . . . . . . . . 114
7.8 Normalized response under RH for WG-0.7 at various concentrations. . . . 115
7.9 Tentative detection of diseases using dual graphene-MOx sensors . . . . . . 116
8.1 A flowchart of 𝛼-Fe2O3/rGO ink formulation process. . . . . . . . . . . . . 119
8.2 Characterization of 𝛼-Fe2O3/rGO inks . . . . . . . . . . . . . . . . . . . . 120
8.3 Characterization of 𝛼-Fe2O3/rGO inks and printed pattern . . . . . . . . . . 121
8.4 Microscopic and Raman characterization of printed thin films . . . . . . . . 122
8.5 Sensing mechanism on detection of NO2 in air . . . . . . . . . . . . . . . . 123
8.6 Response under NO2 at room temperature . . . . . . . . . . . . . . . . . . 123
8.7 Computation of TM scheme for NO2 sensor . . . . . . . . . . . . . . . . . 124
8.8 Performance of TM scheme for NO2 sensor . . . . . . . . . . . . . . . . . 125
List of figures xvi
8.9 Selectivity of NO2 in TM scheme . . . . . . . . . . . . . . . . . . . . . . . 126
8.10 Classification with machine learning . . . . . . . . . . . . . . . . . . . . . 127
8.11 Array of fully inkjet-printed rGO/𝛼-Fe2O3 sensors. . . . . . . . . . . . . . 129
8.12 Inkjet printed silver electrodes showing high printing resolution. . . . . . . 129
8.13 NO2 responses of fully inkjet-printed device . . . . . . . . . . . . . . . . . 130
8.14 Device-to-device consistency of fully inkjet-printed devices . . . . . . . . . 131
8.15 Resistance of the inkjet-printed sensor under various RH . . . . . . . . . . 132
8.16 Integrated system for field trial. . . . . . . . . . . . . . . . . . . . . . . . . 133
8.17 Field trial results of fully inkjet-printed device . . . . . . . . . . . . . . . . 134
A.1 Raw resistance data for Fig. 5.9 . . . . . . . . . . . . . . . . . . . . . . . . 161
A.2 Microscopic dark field images of the printed ZnO-graphene film . . . . . . 162
A.3 Images of the printed ZnO-graphene film . . . . . . . . . . . . . . . . . . 162
A.4 Raw resistance data for Fig. 6.9 . . . . . . . . . . . . . . . . . . . . . . . . 163
A.5 Raw resistance data for Fig. 6.15 . . . . . . . . . . . . . . . . . . . . . . . 164
A.6 Raw resistance data for Fig. 6.17 . . . . . . . . . . . . . . . . . . . . . . . 165
A.7 Raw resistance data for Fig. 6.19 . . . . . . . . . . . . . . . . . . . . . . . 166
A.8 Raw resistance data for Fig. 7.3 . . . . . . . . . . . . . . . . . . . . . . . . 167
A.9 Raw resistance data for Fig. 7.6 . . . . . . . . . . . . . . . . . . . . . . . . 168
A.10 Raw resistance data for Fig. 8.8(a). . . . . . . . . . . . . . . . . . . . . . . 169
A.11 Raw resistance data for Fig. 8.8(b). . . . . . . . . . . . . . . . . . . . . . . 170
A.12 Raw resistance data for Fig. 8.9. . . . . . . . . . . . . . . . . . . . . . . . 170
A.13 Raw resistance data for Fig. 8.17. . . . . . . . . . . . . . . . . . . . . . . . 171
List of tables
2.1 Classes of gas sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.1 Selected literature survey for acetone sensing . . . . . . . . . . . . . . . . 30
3.2 Literature survey for NO2 sensing . . . . . . . . . . . . . . . . . . . . . . 41
4.1 Comparison of typical printing parameters across common functional print-
ing methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.1 The rheological properties of the formulated inks. . . . . . . . . . . . . . . 88
7.1 Electrical resistances of the WO3/graphene devices . . . . . . . . . . . . . 108
7.2 Power consumption comparision between ISO and TM modes . . . . . . . 114
List of abbreviations and symbols
Roman Symbols
𝐴𝑟𝑒𝑐𝑜𝑣 Area under recovery signal
𝐴𝑟𝑒𝑠𝑝 Area under response signal
𝐶 Capacitance




𝑓(𝜃) Volume correction factor for cylindrical-cap
𝑓𝑛,𝑚,𝑘 Feature element with indices m,n,k
𝑔(𝑟′) Volume correction function for spherical-cap
𝐻 Height of peak
ℎ Peak-to-peak interval at baseline
𝐼 Current
𝐼𝐷 Drain current
𝑘 Chemical reaction rate
𝑘𝐵 Boltzmann constant (1.38064852 × 10−23 m2 kg s−2 K−1)
𝑚 Proportion of analyte reaching distance 𝐿
List of abbreviations and symbols xix
𝑃𝑖 Fitting parameters of Lorentz equation
𝑅 Resistance
𝑟 Distance between the particles
𝑅′ Radius of droplet with cylindrical-cap geometry
𝑅𝑔 Ideal gas constant (8.31 J mol−1 K−1)
𝑟′ Radius of droplet with spherical-cap geometry
𝑅𝑠 Resistance of the sensor
𝑆 Responsivity
𝑆𝐷 Standard deviation
𝑆𝑡 Output curve of processed sensor response
𝑇 Temperature
𝑈 Potential energy
Δ𝑉 Change in potential barrier
𝑉𝑑𝑟𝑜𝑝 Volume of droplet
𝑉𝐺𝑆 Gate voltage
𝑉 Voltage
𝑊𝑔 Depletion width in air
Greek Symbols




Φ𝑏𝑔 Potential barrier in air
Φ𝑠 Work function of a semiconductor
List of abbreviations and symbols xx





𝜏𝑟𝑒𝑐𝑜𝑣 Recovery time constant











































List of abbreviations and symbols xxii














AFM Atomic force microscopy
AP Access point
API Application programming interface
AQM Air quality monitoring
CDF Cumulative distribution functions
CIJ Continuous inkjet
CMOS Complementary metal oxide semiconductor
CNW Carbon nanowall
CVD Chemical vapor deposition
DI Deionized
List of abbreviations and symbols xxiii
DoD Drop-on-demand inkjet
DRIE Deep reactive ion etching
ESRD End-state renal disease
FET Field-effect transistor
FOM Figure of merit
GPS Global positioning system
GRM Graphene and related materials
HRG Highly reduced suspensions of graphene




IoT Internet of things
IR Infrared




LDA Linear discriminant analysis
LOD Limit of detection
MCU Microcontroller unit
MFC Mass flow controller
ML Machine learning
MOF Metal-organic frameworks





PCA Principal component analysis
PCB Printed circuit board
PCR Principal component regression
PDF Probability distribution functions
PLS Partial least squares
PM Particle matter
PWM Pulse width modulation
RF Random forest
RH Relative humidity
SAED Selected area diffraction
SA Synthetic air
SAW Surface acoustic wave
SBS Sedimentation based separation
SEM Scanning electron microscope
SNR Signal-to-noise ratio
SOI Silicon on insulator
SPDT Single-pole double-throw switch
SVM Support vector machine
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
List of abbreviations and symbols xxv
TM Temperature modulation
UALPE Ultrasonic-assisted liquid phase exfoliation
UART Universal Asynchronous Receiver/Transmitter
𝜇HP Microhotplate
UV-Vis Ultraviolet–visible spectroscopy
vdW van der Waals
VOC Volatile organic compounds
Chapter 1
Introduction
1.1 Background and motivations
The emerging fifth generation cellular network (5G) technologies enable low power and
low latency data transmission, boosting the development of portable internet of things (IoT)
devices and distributed networks to establish cloud-based analytical systems for personal
healthcare and environmental monitoring.
The increasing awareness of personal health conditions arising from the pursuit for well-
being in an aging society has promoted the development of technologies for early diagnosis in
cancers and diseases. Early diagnosis of cancers will prevent patients from unnecessary suf-
fering and early death. For instance, 5-year survival rate increases from 5% to 31% (244,000
patients) for liver cancer and to 67% (505,000 patients) for stomach cancer when diagnosed
in stage 1 compared to stage 4. However, only 46% of cancers are diagnosed at the advanced
stage. It is estimated to save £150 million of medical treatments and loss in workforces in
UK [2] if diagnosed early.
Among various disease detection technologies, breath analysis is a promising candidate
as a non-invasive and harmless approach where rapid responses can be generated from the
unique signatures, produced by metabolic processes, which are highly correlated with the
diseases of interest. Fig. 1.1 illustrates the process of breath analysis technology with the
focus on ammonia (NH3). It is a critical biomarker associated with hepatitis (related to liver
cancer), kidney failure, and Helicobacter pylori (related to stomach cancer) [3, 4]. Acetone
(C3H6O) is another critical component in human breath and could be a biomarker for diabetes
[5] which is one of four major lingering diseases in the world recognized by the United
Nations [6]. Patients with diabetes are unable to make or effectively use insulin. As a result,
their body burns fat instead of glucose for energy leading to higher acetone concentrations
in blood [7]. Analysis of exhaled breath provides a more efficient approach than blood and
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urine test as an early-stage diagnosis. Therefore, detecting acetone level in exhaled breath
has become a desirable alternative to monitor health condition and a marker for effective
treatments.
Advantages of breath analysis:
• Rapid
• Non-invasive
• Accessible routine screening
Only 46% cancers diagnosed at early stage
3% → 31% (stage1)
5% → 67% (stage1)




NH3 (2 ppm): biomarker 
for liver metabolism and 
Helicobacter pylori
Fig. 1.1 Illustration of breath analysis using detection of NH3 as an example.
Many analytical techniques have been developed to measure the concentration, such as
gas chromatography [7], liquid chromatography [8], mass spectroscopy [9] and portable
gas sensors [10]. Recently, the ubiquitous IoT devices and booming cloud-based analytical
technologies accelerate the development of personal healthcare monitoring, exploring the
potentials for routine screening at home based on professional diagnosis. The evolution of
point-of-care diagnostic thus opens up the widespread access for the public and reduces
loading for specialized diagnostics instruments in hospitals. It is hence beneficial to develop
scalable and miniaturized lab-on-chip technologies for IoT integration.
On the other hand, rapidly increasing environmental pollution has been recognized as
a major concern for human health. Mobile-embeddable gas sensors promote the evolution
from the current spatial environmental monitoring, to people as the center of the environ-
mental monitoring. Ubiquitous deployment of sensor networks in mobile configurations
could effectively increase coverage of existing static stations and the capability to generate
real-time high-resolution air quality map, which enhances residences’ awareness of urban
pollutant level of their surrounding environment. This information is useful for both public
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and the authorities to monitor whether the air pollution level has met environmental regu-
lations or not, and allow stakeholders to take appropriate mitigation actions. The decision
support system could quantify the major sources of emission from the pollution distribution
and has potential to realize automatic emissions control in smart cities. Moreover, deploy-
ment of sensor nodes on vehicles enables monitoring emissions on the road and support
traffic control. In particular, nitrogen dioxide (NO2) is a critical risk factor for asthma and
respiratory infections.
1.2 Aims of the project
The ultimate goals for this project are to establish low-powered, printable, and mobile-
embeddable devices as well as intelligent sensory systems as an integral part of personal
healthcare and air quality monitoring systems. The goals will be achieved through the de-
velopment of novel sensing nanomaterials, scalable fabrication and device integration tech-
nologies, and signal processing and machine learning algorithms for intelligent systems.
Metal oxides (MOx)-based chemiresistive sensing materials are scalable and sensitive
and can be utilized on the miniaturized platform. Conventional MOx sensors face critical
challenges such as high power consumption, insufficient detection accuracies, low repro-
ducibility, baseline drifts, and cross-analyte interferences, limiting applicability for real-
world implementations. Recently, 2D nanomaterials have proven to be attractive for high
performing chemical sensors due to their remarkable electronic and physical properties orig-
inating from their 2D structure. In my PhD, I will exploit the synergistic advantages offered
by 2D graphene and related materials (GRM)-MOx nanocomposites to develop high per-
forming low-cost and scalable sensing devices.
Moreover, the production and deposition methods for the nanomaterials hybrid should
be compatible with both the high performing materials and the device platform. Solution
processing of the nanomaterials coupled with inkjet printing technology could be a promis-
ing route for high yield and cost-effective manufacture approach for batch fabrication of
multiple materials on the miniaturized device. However, non-uniform material deposition
remains a critical challenge for inkjet technology. The challenges will be addressed through
the comprehensive studies of the dynamics in the ink system.
To further address the challenges presented for device applicability in healthcare diag-
nostics and air quality monitoring systems, signal processing and control algorithms will be
developed to further improve power consumption, sensitivity, and reproducibility. Further-
more, cross-analyte interference will be compensated with a multi-material sensor array and
the development of specialized machine learning algorithms. The developed devices along
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with the electronic configurations will then be assembled in a wireless hub containing mul-
tiple of different sensory components. Field trials will be carried out for the sensory hub to
monitor real-time air quality of an ambient environment.
1.3 Structure of the thesis
Chapter 1 introduces the background motivations and aims of this thesis. Chapters 2-4
mainly review the current literature from the perspectives of sensor architecture, sensing
materials and their properties, and the ink system for device fabrication.
In Chapter 2, I first introduce various types of sensor architectures and focus on chemire-
sistive devices. Next, comprehensive mechanisms involved in chemiresistors during sens-
ing events are reviewed. The sensing mechanisms comprising analyte-material interactions,
transduction process, and signal transformation are explained in Section 2.2. Then, per-
formance parameters are defined. Finally, the computational approaches for discriminating
analytes in a multi-component environment will be reviewed in Section 2.4.
In Chapter 3, I introduce the fundamental sensing mechanisms of graphene-MOx com-
posites and the state-of-art materials for our target sensing applications. Next, I explain the
common material synthesis methods with a focus on the hydrothermal method which will be
used in our device fabrication. In addition, Section 3.3 details the practical materials char-
acterization techniques used throughout the project. Section 3.3.1 is my original work that
features the program I develop for automatic Raman mapping.
In Chapter 4, I review the literature on functional ink systems, introducing the funda-
mental attributes of different ink systems. Next, I focus on the inkjet deposition technique
employed throughout the project, focusing on studies on ink formulation, and the properties
that govern the uniformity of printed morphologies: jetting properties, droplet spreading dy-
namics, and coffee-ring effect and the suppression approaches. Section 4.3.6 is my original
work in which I develop a model to simulate the printed morphology based on experimental
printing parameters. The final section details the architecture of our CMOS device platform.
In Chapter 5 is my original work where I detail the measurement protocols, signal pro-
cessing and machine learning algorithms that are employed throughout the project. First,
I introduce the electronics and measurement setups for gas characterization. Next, I dis-
cuss a more advanced temperature modulation (TM) technique (Section 6.3) I developed to
optimize the sensing performances. In this section, the mechanisms on temperature depen-
dent sensing is analyzed, and the associated signal processing algorithm is developed. In
the analyte classification section (Section 5.3), I discuss the machine learning approaches
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including signal pre-processing and cluster analysis techniques to address the common issue
of cross-analyte interference. Finally, Section 5.4 presents an IoT implementation.
Chapters 6-8 describe my original work on the development of inkjet-printed graphene-
MOx sensors and intelligent systems for personal healthcare diagnostics (Chapter 6, 7) and
air quality monitoring (Chapter 8) applications. In Chapter 6 and 7, I present graphene-MOx
hybrid sensors that are integrated onto a CMOS microhotplate (𝜇HP) to detect NH3 (Chap-
ter 6) and acetone (Chapter 7) levels in simulated breath for diagnostics of diseases. I develop
graphene-zinc oxide (ZnO) ink for the ammonia sensor. I address the shortcomings on high
power consumption, long recovery time and baseline drifts by optimizing the sensing mate-
rial along with the temperature modulation strategy I develop. The strategy focuses on the
control of interplays between surface-analyte adsorption/desorption, carrier transport, and
analyte diffusion taking place at different temperature conditions. The development of algo-
rithms, as well as the optimization of ink formulation lead to enhanced sensing performances
and reproducibility. In Chapter 7, graphene-tungsten oxide (WO3) ink is developed for the
acetone sensor. I investigate the effect of different graphene concentrations and different op-
erational mode on the gas sensor performance with respect to sensitivity and response time.
Cross-selectivity, as pointed out in Chapter 6, is further addressed by the parallel sensor.
My dual graphene-MOx strategy, therefore, allows tentative mapping of disease probability
being constructed.
In Chapter 8, I will establish an intelligent system for NO2 air quality monitoring. In
addition to the optimization of the ink system and TM schemes, my solution focuses on
the development of machine learning (ML) approaches, including PCA and clustering, on a
single inkjet-printed 𝛼-Fe2O3/rGO nanocomposite platform to establish a prediction system
that allows discrimination of relative humidity (RH) level in a mixture of NO2 and RH in an
ambient environment. Furthermore, in Section 8.6, I implement fully inkjet-printed room
temperature NO2 sensors integrated within the co-developed multi-sensory hub to carry out
field trials in a real-world environment.
Chapter 2
Electrically-transduced Sensors
Chemical sensors have become an integral part of the infrastructure in our society. They
have been widely used in different fields of applications, including industrial monitoring,
environmental protection, public safety, medical and healthcare, home automation, and so
on. For industrial process monitoring, applications include flue gases, emission, and heavy
metals monitoring. For environmental protection, applications include urban air and water
pollution monitoring, and waste management. For public safety, applications include mon-
itoring of toxins, explosives, and abuse of drugs. For medical and healthcare, applications
include bedside/home diagnostics, hygiene test, wearable biosensors, and breath biomark-
ers. My target applications in this thesis focus on two different applications: air pollution
monitoring and personal healthcare diagnostics with breath analysis.
Fig. 2.1 illustrates the logical structure of a chemical sensor which associates the phys-
ical device with the different sensing mechanisms. A sensor typically consists of sensing
material and transducer. When the analytes in the environment interact with the sensing
material, some of its properties such as conductivity 𝜎, work function Φ𝑤𝑓 , and permittivity
𝜖𝑟 may change. The transducer converts these properties into fundamental electric parame-
ters: capacitance 𝐶 , inductance 𝐿, and resistance 𝑅. The circuitry configurations connected
to the sensor transform these parameters into electrical signals, such as current 𝐼 , voltage 𝑉 ,
frequency 𝑓 , and phase 𝜙.
In this Chapter, the structural components of chemical sensors and the underlying op-
erating principles of different types of architectures are first discussed. Next, I focus on
the chemiresistive-type sensors that are used throughout this project. I detail their sensing
mechanisms which are decomposed into analyte-material interaction and transduction pro-
cess, in accordance with Fig. 2.1. Then, performance measures used throughout this thesis
are defined. Finally, the computational approaches for discriminating different analytes are
reviewed in Section 2.4.
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Fig. 2.1 Logical structure of a chemical sensor. Adapted from [11]
2.1 Overview of sensing architectures
Gas sensors can be categorized into conductometric, potentiometric, capacitive, amperomet-
ric, gravimetric, optical, resonant, and fluorescent types according to their signal transduc-
tion principles. Table 2.1 summarizes these different classes of gas sensors.
Principle Mesurand Type of sensor
Conductometric Resistance/conductivity Metal oxide sensor
Potentiometric Tension ISFET for pH
Capacitive Capacity Polymer humidity sensor
Amperometric Current Electrochemical cell
Gravimetric Mass Piezoelectric or SAW sensor
Optical Frequency/absorption IR methane detector
Resonant Frequency Surface plasmon
Fluorescent Intensity Fibre optics
Table 2.1 Classes of gas sensors according to detection principles.
Fig. 2.2 provides an overview of the commonly available commercial sensors for the ap-
plication of disease diagnosis. The detection accuracy, size, and cost increase from top right
to bottom left. Gas chromatography and spectrometry are accurate yet expensive; whereas
portable MOx sensors, including field-effect transistor (FET) and chemiresistor types, are
compact, economical, and simple to fabricate and operate. These advantages make them
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effective in situations where advanced equipment is constrained by access to qualified per-
sonnel and calibration procedures. However, MOx sensors generally have the disadvantages
of slow recovery time, low reproducibility, low selectivity, and insufficient detection limit
which restrict their applications for mobile healthcare diagnostics. In the following sections,
I will discuss the different types of economical portable sensors.




• High power consumption
• Long recovery time
• Low reproducibility
• Insufficient detection limit
• Low selectivity
Spectrometry
Fig. 2.2 Common types of commercial gas sensors, with the focus on MOx sensors showing
their pros and cons.
2.1.1 Electrochemical sensors
Electrochemical gas sensors involve an ion conductor which allows ions to move freely
within itself. It ionises the gas molecules at a three-phase boundary layer (atmosphere, elec-
trode of a catalytically active material, electrolyte) [12]. The material used for acetone detec-
tion is sodium tartrate (Na2C4H4O6) electrolyte with electrodeposited platinum (Pt) electrode
[10]. When acetone molecules make contacts with the ions, chemical reactions take place.
Current is generated due to reactions, the magnitude of which is dependent on the concen-
tration of acetone present in the air. However, since this design involves an ion conductor,
the sensors are usually quite bulky. The power consumption is also high (hundreds of mW)
[13].
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Fig. 2.3 Illustration of working principles of electrochemical gas sensors for detection of
acetone.
2.1.2 Field effect transistors (FET)
Another commonly used architecture for electronic sensors is FET [14]. An FET consists
of a gate, a channel connecting source and drain electrodes, and a gate oxide separating the
gate from the channel. Back gate configuration (Fig. 2.4) are typically used to simplify the
device structure for gas sensing. The field effect operation relies on the control of channel
conductance, and thus the drain current 𝐼𝐷, by a gate voltage 𝑉𝐺𝑆 and/or by the surface po-
tential. There are different materials used for the FET channel. In a graphene-based FET, the
applied 𝑉𝐺𝑆 modulates the Fermi level of graphene and thereby changes in charge carrier
densities, in turn, influences the conductivity of the channel [15]. The adsorption or des-
orption of molecules on the surface of the graphene channel changes the Dirac point voltage
(𝑉𝐷𝑖𝑟𝑎𝑐) of the devices, leading to horizontal shifts of the 𝐼𝐷-𝑉𝐺𝑆 transfer curves [14]. In the
cases of solution-gated FETs [16], a nanometer-thick ionic double layer is formed in contact
with the graphene layer, acting as a strong double-layer capacitance and thus producing large
trans-conductance [16].
Fig. 2.4 Schematics of a graphene-based FET gas sensor. Adapted from [17].
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Apart from field effects, doping effect can also change the channel conductance by al-
tering its carrier mobility [14]. Doping effects arise from the direct charge transfer between
the open-shell adsorbents (like NO2) and graphene [18]. However, closed-shell molecules
cannot exchange charge directly with graphene. Despite this, indirect doping effects may
still be utilized by manipulation of charge distribution through existing doping or impurities
of graphene.
An FET-based sensor could serve as both a sensor and an amplifier. A small variation
of gate voltage could induce a pronounced response of the channel current [19]. This makes
the FET a promising sensing device with easily adaptable configuration, high sensitivity, and
real-time capability [20].
2.1.3 Chemiresistors
Chemiresistive gas sensors use a semiconductor sensing layer which is commonly deposited
between electrodes. Traditionally, there are two main categories of materials used: organic
conducting polymers and semiconducting MOx [21]. However, polymer sensors are gener-
ally unstable and have relatively poor sensitivity [22]. Alternatively, the most common type
of semiconductors used is MOx. This class of materials generally give better responses due
to the oxygen stoichiometry and electrically active surface charge [23]. Therefore, I focus
on this material family in my thesis.
Most chemiresistive gas sensors detect the analyte concentration by measuring the change
in resistivity of the MOx film upon exposure to certain gas analytes. This change arises
from the band bending due to the electron transfer between the semiconductor and the gas
molecules. The resistance of the device can be mainly divided into two components:
𝑅 = 𝑅mat + 𝑅contact (2.1)
where 𝑅, 𝑅mat, and 𝑅contact are the total resistance of the device, the resistance of the sensing
material, and the sum of contact resistance arising from the junctions at electrode/sensing
material, and the junctions between the grains of nanomaterials, respectively.
Device structure
A simple chemiresistor is realized by either (Type 1) depositing two conductive electrodes
(source and drain, respectively) of noble metal on top of the film or (Type 2) in reverse order.
Type 1 refers to top contact and is often found in 1D nanostructured MOx devices [24]. Type
2 refers to side contact and is found in other MOx nanostructures [25]. Their structures are
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shown in Fig. 2.5. Beyond that, an array of source and drain electrodes constructed in the
form of Type 1 or Type 2 can be implemented to form an interdigitated electrode (IDE)
structure.
Fig. 2.5 Schematics of the device architecture for gas sensing. Type 1: top contact. Adapted
from [24] Type 2: side contact. Adapted from [25].
IDEs are used mainly to overcome the issue of high resistance of the sensing materials.
IDEs reduce the total resistance by splitting it into 𝑛 components of individual resistors in
parallel. This reduces the effective length of total resistance by 𝑛, resulting in resistance
reduction by 𝑛2. Moreover, IDE permits a larger contact area with the film’s surface. There-
fore, this configuration typically enhances sensitivity and detection limits [26]. In addition,
micrometer-scale IDE offers improved SNR and reduced RC time constant [27], which im-
prove resolution and reduce latency respectively.
Advantage of chemiresistive gas sensors. Compared to electrochemical sensors,
chemiresistive devices can be compact in size and mass. The power consumption is typically
lower than electrochemical sensors [28]. The ease of device manufacture also makes them
economical. Once their fabrication can be integrated with large-scale CMOS-compatible
processes, they can be further miniaturized and integrated into the existing electronic sys-
tems [29]. Comparing to FET devices which require the supply of bias voltage, chemiresis-
tive devices have the potential for further reduction in power consumption. Considering the
above advantages, I focus my studies on chemiresistive devices.
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2.2 Sensing mechanisms of MOx chemiresistive sensors
I explain the sensing mechanisms based on semiconducting transition-metal oxides which are
widely used for gas sensing. The active sensing materials possess a receptor and transducer
function (Fig. 2.6). The receptor represents the interaction of the sensing surface with the
target gas molecules, whereas the transducer function refers to an effective transduction of
this molecular information into a macroscopically accessible signal, which is in the form of
the change in electrical resistance [30]. The sensor works by adsorption and desorption of
gas molecules on the surface of the active material and the electron transfer process.
Gas molecules interacting with the MOx either act as a donor or acceptor of charge car-
riers (electrons), inducing band-bending and altering the resistance of the material [31]. As
shown in Fig. 2.6, when electrons are transferred away during gas molecules come into con-
tact with MOx, the width of the depletion region of MOx NP will increase and the potential
barrier becomes higher, making it harder for electrons to overcome. For molecules which
give electrons to the metal oxide, the barrier will be lowered and hence the conductance will
increase. The electron transfer process of the MOx is dependent on many factors such as
the grain size of the nanoparticles and morphology of the sensing materials as well as the
microstructures of the sensing layers [32].
Fig. 2.6 Schematics of receptor and transducer functions decomposed into (a) receptor func-
tion occurred at the material surface (b) transducer function occurred at within the mi-
crostructure of material (c) translating to output resistance change. Adapted from [33].
2.2.1 Analyte-material interactions
The sensing processes can be further analyzed with analyte-material surface interaction, an-
alyte diffusion, and transduction mechanisms (discussed in Section 2.2.2). First, the target
gas is adsorbed on oxide’s surface via physisorption followed by chemisorption processes.
A gas molecule is first attracted by van der Waals and dipole interactions during physisorp-
tion. Next, it forms a strong chemical bond with the surface atoms of the semiconducting
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MOx. The increase in temperature could enhance the rate of chemisorption but will reduce
physisorption [34]. The adsorption process will lead to variation in the space charge which
transforms into change in electrical resistance via electron transport in semiconducting ma-
terials. In this manner, gas recognition can be realized by the surface chemical reactions
occurred at the adsorption sites.
I introduce the following relations to support the temperature-dependent sensing mech-
anisms of the MOx. Surface adsorption involves an interplay between physisorption and
chemisorption processes [34]. Physisorption typically occurs first and can be modelled by
Lennard-Jones potential:




where 𝑈 is potential energy, 𝜖 is depth of the potential well, 𝑟 is the distance between the par-
ticles, and 𝑟𝑚𝑎𝑥 is the distance at which the potential reaches its minimum. The relationship
of physisorption with temperature is such that as temperature increases, the Lennard-Jones
potential becomes more positive. The repulsive forces caused by the electron clouds of the
adsorbate therefore dominate, resulting in less physisorption at high temperatures [35, 36].
On the other hand, Chemisorption follows Arrhenius’ law [37]:
𝑘 ∝ exp( −𝐸𝑎𝑅𝑔𝑇
) (2.3)
where 𝑘 is chemical reaction rate, 𝐸𝑎 is activation energy, 𝑅𝑔 is ideal gas constant (8.31
J mol−1 K−1). Once the activation temperature is reached, a marginal increase in temperature
leads to a dramatic increase in the reaction rate.
Further, the diffusion rate and gas analyte concentration diffused to the deepest layer of
the active material can be described in the following equations based on Knudsen diffusion
model [38].
𝑐(𝑥 = 𝐿) = 𝑐surf
𝑚
cosh(𝑚) (2.4)
𝑚 = 𝐿( 𝑘𝐷𝑘
)1/2, 𝐷𝑘 ∝ 𝑇 1/2 (2.5)
where 𝐷𝑘 is diffusion rate, 𝑐surf is analyte concentration at the surface, 𝑚 indicates the pro-
portion of analyte reaching distance 𝐿.
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2.2.2 Transduction mechanisms
The next phase in the sensing processes (as illustrated in Fig. 2.1) is the transduction process.
This process is induced by the analyte-material interactions and contributes to change in
resistivity for chemireistive sensors.
Grain-controlled model
Fig. 2.7 Schematic model of the effect of the crystallite size on the sensitivity of MOx sen-
sors (a) boundary-controlled model (b) neck-controlled model (c) grain-controlled model.
Adapted from [39].
The electron transportation pattern is classified into surface-, neck-, and grain-controlled
modes which depend on particle size 𝑟 and width of space charge layer 𝐿 as defined in
Fig. 2.7. The surface- (or boundary-) controlled mode (𝑟 >> 2𝐿) associates with compact
layer structures and it is not sensitive to gas reactions. In neck-controlled mode (𝑟 ≥ 2𝐿), the
depletion layer around each neck of particle forms a constricted conduction channel within
each aggregate [39]. In grain-controlled mode (𝑟 < 2𝐿), the whole grain is fully depleted
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of mobile charge carriers, resulting in a nearly flat energy band throughout interconnected
grains. In this case, the entire grain can be harnessed for carrier transport, therefore smaller
particle size is preferable.
Overall, the sensitivity is influenced by the layer thickness, pore size, and diffusion length
of the carriers. In summary, nanostructured oxides such as nanowires demonstrate superior
sensitivity over nanoparticle agglomerates because of increased surface-to-volume ratio with
more activated sites and improved electron transport which is attributed to the absence of
necks [40].
Modulation of Schottky barrier
Fig. 2.8 Structural and band diagrams of electron transport upon exposure to gases. (a) with
O2 (b) with CO. Adapted from [30].
When oxygen (O2) molecules are adsorbed on the surface of MOx nanoparticles (NP),
with their high electron affinity, they attract free electrons from the conduction band and
trap them in form of O– ions. This results in band-bending and creates a Schottky barrier at
the grain boundaries (Fig. 2.8). The potential barrier prevents electron flow, leading an to
increase in electrical resistance.
When MOx is exposed to a reducing gas (which has low oxidation number and usually is
hydrogen-rich) such as carbon monoxide (CO) or NH3, the gas is oxidized by the adsorbed O–
and releases electrons. This reduces the density of adsorbed O–, thereby reducing the width
of the depletion layer. Thus, the inter-granular Schottky barrier is lowered and electrons
conduct more easily in-between grains, reducing the electrical resistance. The resistivity for
an electron to overcome a potential barrier can be associated with the following relationship
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[37]:
𝜌 ∝ exp( Δ𝑉𝑘𝐵𝑇
) (2.6)
where 𝜌′ is the resistivity, Δ𝑉 is the change in potential barrier, 𝑘𝐵 is the Boltzmann constant.
Further details regarding the mechanisms on metal-semiconductor (graphene-MOx) sensing
are detailed in Section 3.2.2.
2.3 Performance measures
After the transduction process, the signal can be transformed by the electronics that is config-
ured for the sensor. The performance measures are the statistical signatures that convey the
performances of a sensor. The significance of individual parameters depends on the target
application for which it is desired, and should be optimized accordingly. Fig. 2.9 illustrates
the common performance measures in a sensor under successive exposure to the analyte.
Fig. 2.9 Graphical representation of selected performance measures in a device successively
exposed to increasing concentrations of analyte. Adapted from [41]
2.3.1 Characteristic measures
Responsivity: The resistance of a chemiresistive material can be altered by exposure to
gaseous analytes. By measuring the change in resistance or current of the sensor device, the
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where 𝑅0 and 𝑅analyte are the resistances of the device without and upon exposure to analyte,
respectively.
Sensitivity: Sensitivity is defined as the slope of the characteristic responsivity curve [42].
Sensitivity can be enhanced by the promotion of analyte-material interactions through the
enlarged surface area and abundant active sites on sensing material surface [11].
Response/recovery time: Response time is the time consumed to reach 90% of the equi-
librium value in response to a step change of analyte exposure [43]. Recovery time is the
converse of the response time, and it is defined as the time required for the signal to return
to its initial value after a step release of the analyte.
Limit of detection (LOD): LOD is the smallest concentration of an analyte that can be
distinguished from its absence with 99% confidence interval [44]. The most widely used
analytical specification defines LOD as the concentration at the signal that is 3 times of
noise level [44]. As the LOD depends on sensitivity and resolution of the sensor, it can be
improved through the promotion of analyte-material interactions as well as through signal
amplifications [45].
Selectivity: Selectivity describes the extent to which the target analyte can be distinguished
among a multi-analyte mixture [46]. It is measured as the ratios of the responsivity of the
target analyte to that of the interferents [41]. Selectivity is commonly enhanced by func-
tionalization of analyte-specific receptors upon the sensing material. Another strategy is to
construct cross-reactive arrays and process with computational approaches. This strategy
will be discussed in Section 2.4.
2.3.2 Sustainability measures
Stability: Stability is a measure that describes the capability that the same output signal
can be generated when the same measurement is carried out over time [47]. The parameter
is quantified by the percentage changes (including the abovementioned measures like re-
sponsivity, sensitivity, selectivity, response/recovery time) in the responses over a different
period of time from the same device.
Drift: Drift is the analyte‐independent change of a response over a period. This quantity
can induce uncertainties in measurements, false alarms, the need for recalibration [41]. Drift
may be attributed to a static electric field applied to the device, as well as contamination or
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degradation of sensing materials. One approach to mitigate drift due to the electric field is
to operate under AC voltage [41]. Drift can also be minimized through the application of
computational processing approaches [48].
Hysteresis: Hysteresis measures the difference between outputs at a specific concentration
of analyte when the device is approached from increasing and decreasing concentrations.
Hysteresis is related to the reversibility of the sensor, where reversibility is the extent to
which the signal is restored to its initial state prior to analyte exposure [49]. Full recovery
of the sensor is essential for continuous sample monitoring.
Device-to-device reproducibility: Reproducibility is the extent to which a fabricated device
can produce the same output signal generated by an alternative device that is fabricated with
the identical production method. Device-to-device reproducibility is associated with the
capability to synthesize materials and integrate them into sensors in a controllable manner.
The constraints in current technologies for chemiresistive sensors have long restricted
their performances in selectivity, drift, and reproducibility. In this thesis, much emphasis
has been put on addressing these challenges through the development and optimization of
fabrication technologies, as well as signal processing and machine learning algorithms.
2.4 Computational approaches for analyte classification
Due to poor discrimination accuracies in single chemiresitive sensors [50, 51], analyte clas-
sification in a mixture of analytes in a real-world environment is traditionally achieved by
computational analysis of responses from cross-reactive arrays consisting of a variety of
MOx materials [52]. Fig. 2.10 illustrates signal processing procedures to discriminate an-
alyte classes from a multi-analyte sensor array. The sensor array consists of sensors made
up of different sensing materials. Depending on the gas and its reaction, every sensor has
different conductivity pattern.
Signal pre-processing is essential to generate clean dataset that is useful for analysis.
This step involves data manipulation and dimensionality reduction. Data manipulation is
useful to eliminate noisy information and normalize data to allow for computation. Com-
mon data manipulation techniques include relative scaling, background subtraction, signal
averaging, linearization, mean-center, autoscale, range scale, baseline subtraction, etc [52].
Whereas, dimensionality reduction is useful to eliminate duplicate information in the mul-
tivariate system to enable extraction of insightful information. Common dimensionality re-
duction methods include linear discriminant analysis (LDA), principal component analysis
(PCA), principal component regression (PCR), and partial least squares (PLS) [52]. PCA
is a signal representation technique that generates projections along the directions of max-
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Fig. 2.10 Block diagram for signal processing of multi-analyte sensor array.
imum variance, which are defined by the eigenvectors of the covariance matrix. LDA is a
signal classification technique that directly maximizes class separability, generating projec-
tions where the examples of each class form compact clusters and the different clusters are
far from each other. The LDA algorithm selects features that are most effective for class sep-
arability, while PCA selects features important for class representation. In particular, PCA
provides an efficient approach for reducing the dimensionality of a dataset and visualization
of the clusters formed in low-dimensional projections. Often two or three principal com-
ponents provide an adequate representation of the data, which is convenient for graphical
output. Typically, the calibration data is collected in a feature matrix, 𝑀 , with 𝑚 samples
and 𝑛 sensors.
After feature matrix is extracted from the dataset, we can classify the analyte species with
cluster analysis. The predictive accuracy is obtained through cross-validation of all the data
sets. Prediction model improves the correlation of the data sets and infers a pattern. Com-
mon classification techniques comprises k-nearest neighbors (kNN), support vector machine
(SVM), random forest (RF), linear discrimination analysis (LDA), neural network (NN) clas-
sifiers. Depending on the distribution of dataset in projected dimension and computational
complexity, one can evaluate the most suitable classifier.
2.5 Summary
In this Chapter, the comprehensive mechanisms involved in an analytical device in the course
of sensing events are reviewed. Various types of sensor architectures are first introduced. The
overall sensing mechanisms comprising analyte-material interactions, transduction process,
and signal transformation are explained both quantitatively and qualitatively in detail. In
particular, interactions at material interfaces involving physisorption, chemisorption, and
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diffusion processes are modelled. I explain the transduction mechanisms based on grain-
controlled model and thereby the modulation of Schottky barrier. The analysis of these
mechanisms offer useful tools for developing new models and algorithms throughout the
thesis.
Next, performance parameters are defined and it is noted that the current challenges arise
from the restrictions in selectivity, drift, and reproducibility. Finally, the computational ap-
proaches for discriminating analytes in a multi-component environment have been reviewed.
These approaches are critical for selectivity improvement.
Chapter 3
Materials for Sensing
Semiconducting MOx nanomaterials have been long exploited for the detection of small re-
active gases due to their strong responsivity. However, one of the major limitations of MOx
materials is that they require fairly high operating temperatures to attain effective sensing
performance. These materials also suffer from long recovery time [53–55], severe baseline
drift [56, 55, 57], and reproducibility issues [56, 55, 57]. Recently, 2D nanomaterials have
proven to be attractive for high performing chemical sensors due to their remarkable elec-
tronic and physical properties originating from their 2D structure. Exploiting the synergistic
advantages offered by 2D graphene and related material (GRM)-MOx nanocomposites at-
tracts current interest in fabricating high performing low-cost and scalable sensing devices.
This chapter reviews the advances in electrically-transduced chemical sensors that rely
on 2D materials (Section 3.1) and their hybrids with MOx (Section 3.2). The material struc-
ture and its sensing properties, the mainstream production methods, comprehensive litera-
ture on sensing applications, and its limitations are discussed in detail in both sections. For
graphene and 2D materials, I focus on the production methods of chemical vapor deposition
(CVD) and solution processing techniques which have been employed to date for the demon-
stration of sensors. The sensing applications focus on the detection of small reactive gases,
including the reducing gas NH3, the oxidizing gas NO2, and volatile organic compounds
(VOCs). These gases have been the target analytes that I sense for which the devices have
been fabricated in the experimental chapters.
For GRM-MOx composites materials, I first introduce the sensing properties of MOx.
Then I discuss the underlying sensing mechanisms of graphene-MOx composites which
build the fundamentals for all the sensors I develop. Next, I explain the mainstream material
synthesis methods including hydro/solvothermal method, thermal method, and alternative
techniques. The focus will be on the hydrothermal method which will be used in my device
fabrication. Finally, this section concludes with the limitations on the materials perspective
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and will lead to more advanced techniques for addressing these shortcomings, as discussed
in Chapter 5.
Furthermore, to facilitate the fundamental understandings on sensing mechanisms, it is
useful to carry out material characterizations. Section 3.3 discusses the principles and prac-
tical methods of the common materials characterization techniques I have used throughout
the project, including Raman spectroscopy, UV-Vis spectroscopy, AFM, and SEM.
The program I develop for automatic Raman mapping for solution-processed materials
in Section 3.3.1 has been employed in my publications [58, 59]. The Raman section (Sec-
tion 3.3.1) is my original work and does not form part of the literature review.
3.1 Graphene and 2D materials
3.1.1 Material and sensing properties
Graphene and related 2D materials have become attractive candidates for sensing applica-
tions. Graphene is a two-dimensional surface material. This structure (Fig. 3.1) enables
individual carbon atoms in the graphene film to be in contact with the ambient environ-
ment, which makes it sensitive to local chemical and electrical perturbations [60]. Graphene
offers greater surface area per unit volume as compared to 1D nanostructures [61]. More-
over, the material exhibits high carrier mobility (CVD: 3 × 104 cm2 V−1 s−1 [62], LPE: 100
cm2 V−1 s−1 [63]) and high carrier density which generate fast and strong electrical response
as a result of efficient electron transport when molecules are adsorbed [64]. Graphene also
exhibits low intrinsic noise which allows for high signal-to-noise ratio in sensing [64]. The
ambipolar property (i.e. the charge carriers can be either electrons or holes) along with its
zero-bandgap permit easy setting of desired operating point by modulating the gate voltage.
These properties make it preferable for FET sensing devices. Furthermore, pristine graphene
has no dangling bonds on its surface. The target gas molecules cannot therefore easily adsorb
onto graphene [65]. Surface modification is often desirable to promote binding of specific
analytes which allows discrimination of analytes and optimization of sensor performance.
Graphene offers many venues to conduct surface modifications, attachments may include
metal nanoparticles [66], organic groups [67], polymers [68], etc. The capability for selec-
tivity enhancement is essential to applications for broadly responsive cross-reactive arrays
such as electronic noses.
Related 2D materials such as black phosphorus (BP) [70] and transition metal dichalco-
genides (TMDs) including tungsten disulfide (WS2) [71], molybdenum disulfide (MoS2) [72]
have emerged as gas sensing materials. In addition to the surface area offered by the layered
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Fig. 2.1 Electromagnetic spectrum covered by selected 2D materials and their potential applica-
tions. Adapted with permission from Ref. [21]. Copyright (2014) Nature Publishing Group
light emission [31]. The atomically smooth surface and absence of dangling bonds
makes h-BN an ideal dielectric substrate for other 2D materials in a wide variety
of device applications [32]. Although optoelectronic properties are a convenient
way to highlight the diversity the 2D material family can offer, the extent of their
applications goes well beyond photonics, electronics and optoelectronics, ranging
from composites to sensors through to energy storage and lubricant technologies.
We next discuss in detail the structures, properties and applications of graphene
(Sect. 2.2), TMDs (Sect. 2.3), BP (Sect. 2.4), h-BN (Sect. 2.5) and MXenes
(Sect. 2.6), as well as some other 2D materials (Sect. 2.7).
2.2 Graphene
Graphene is an atomically thin planar carbon sheet. Figure 2.2a schematically
shows its honeycomb hexagonal lattice structure. As illustrated, each of the carbon
atoms is covalently bonded with three other carbon atoms and as such, three of its
four valence electrons are taken to form chemical bonds to the nearest neighbour
ln302@cam.ac.uk
Fig. 3.1 Molecular and band structure of common 2D materials. Adapted from [69].
structure, the semiconducting properties of these materials lead to the formation of Schottky
barriers at the electrode contacts [73]. The barrier can then be modulated through the change
of doping levels during adsorption/desorption of analytes, translating to change in electrical
conductance.
3.1.2 Producti n methods
Chemical vapor deposition (CVD)
CVD has become one of the most promising techniques for mass production of mono- and
multilayer graphene films. CVD produces polycrystalline graphene film with large crystal-
lites up to 50 mm size [62], offering large detection area for sensing applications. Also,
the uniform film produced by CVD enables reproducible production of sensors with reliable
sensing performance. The large sample size (up to 1 m) of CVD-grown graphene allows
large-scale production of miniaturized multi-sensor arrays manufactured by microfabrica-
tion technologies [74]. Another advantage of CVD growth is the feasibility of substitutional
doping by introducing heteroatoms into the carbon lattice [75].
The CVD method grows graphene film typically on transition metal substrates (e.g.,
nickel (Ni), copper (Cu)) by exposing carbon precursors in the quartz chamber at low pres-
sure [76]. Fig. 3.2(a) shows a typical CVD setup. Cu is a cheap and weakly interacting
catalyst often used as the growth substrate. The growth process involves catalyst pretreat-
ment, carbon precursor exposure, and precipitation [77]. During catalyst pretreatment, Cu
nanocrystal is obtained in 1000 ∘C [77]. Next, during carbon precursor exposure, precursor
gas dissociates at Cu sites and carbon is dissolved in Cu. After isothermal growth and pre-
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cipitation, monolayer graphene is formed as a self-limiting process [76]. Fig. 3.2(b) shows
a sample of graphene crystalline grown on Cu.
Nevertheless, there are still many shortcomings. Since the film is grown on metallic
foils, it requires additional transfer process (as illustrated in Fig. 3.2(c)) which introduces
additional complexity to the quality such as contaminations from the use of polymethyl
methacrylate (PMMA) in wet transfer [78], cracking, and irreversible damages. These com-







Fig. 3.2 (a) Schematics of a typical CVD set-up. (b) SEM image of graphene grown on a cop-
per foil, scale bar 100 𝜇m [76]. (c) Schematic of a typical wet-transfer process: A graphene
sample is deposited onto the silicon (Si)/ silicon dioxide (SiO2) substrate. A PMMA film
is deposited by spin coating. The PMMA film is detached from the substrate via intercala-
tion, and graphene is removed from substrate along with PMMA. Once the sample is fished,
PMMA is dissolved by acetone releasing the graphene on the target substrate. A graphene
flake deposited onto BN by wet transfer. Adapted from [60].
Solution processing
The solution processing technique is a top-down approach that isolates individual flakes
from bulk layered materials via ion intercalation [79], ion exchange [79] or pure sonication.
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Solution-processed exfoliation of graphite into graphene oxide (GO), reduced graphene ox-
ide (rGO), or pristine graphene enables up-scalable production of large volume (> kg) of
materials at low cost [17]. However, the shortcoming of this method is that the small flake
size (tens of 𝜇m) produced exhibits poor electrical conductance.
Liquid phase exfoliation (LPE) is a physical approach employing shear forces to weaken
the interlayer van der Waals (vdW) forces. Unlike ion intercalation or exchange, LPE does
not induce alteration of the properties of the as-produced 2D materials [80, 81]. Pristine
graphene can be exfoliated by the LPE technique. LPE involves two processes: ultrason-
ication and centrifugation or filtration. Ultrasonication first generates cavitation bubbles
between the crystal layers. The bubbles then collapse into high-energy jets which weakens
the interlayer forces, yielding isolated flakes dispersing in the solution. Sonication method
offers the most facile method for mass production [80]. The typical sonication setup is shown
in Fig. 3.3. Once the exfoliation is completed, centrifugation is then employed to remove
the un-exfoliated pieces of graphite in the dispersion. Further details of this method will be
explained in Chapter 4.3.2 Solution processing methods 33
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Fig. 3.6 Commonly used LPE techniques: (a) bath sonication, (b) tip sonication, (c) impeller,
(d) ball milling and (e) high pressure mixing.
Unlike ion intercalation or exchange, as a physical shear force exfoliation approach, LPE
does not induce alteration of the properties of the as-produced 2d materials [1, 15, 236, 239].
Indeed, for example, Hernandez et al. demonstrated that the as-produced graphene flakes
were pristine with minimal defects and chemical functionalisations [237]. LPE therefore is
more relevant to the exploitation of the optoelectronic properties of 2d materials in printable
applications. UALPE is the main technique used in my doctoral work. Though a lot of
Fig. 3.3 Commonly used LPE techniques: (a) bath sonication, (b) tip sonication.
The structure of GO contains functional groups including epoxy, hydroxyl groups, and
pairwise carboxyl groups. Typically, a stable and homogeneous GO suspension is produced
by modified Hummers method [82, 83]. However, the defects in GO scatter the charge car-
riers and create significant noise and reduction in carrier mobility. Many reduction methods
[84] have been developed to remove functional gr ups on GO to produce rGO to restore elec-
trical conductivity. rGO offers rich sites for functionalization which may benefit the sensor
performance by augmenting interactions between the target molecules and the functional
groups. However, its conductivity is still inferior to pristine graphene.
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3.1.3 Sensing applications
The sensing of small molecules with GRM operates through orbital hybridization [11] which
creates a charge transfer during the physisorption process. In this thesis, I focus on the review
on NO2, NH3, VOC, and humidity applications. Note that VOCs are organic chemicals that
have low boiling points at the ambient environment. Acetone in exhaled breath is an example
of VOCs to be detected in my thesis.
Ref [64] demonstrates a pioneer few-layer graphene chemiresistor device, where the ma-
terial is produced by mechanical cleavage. Its detection resolves adsorption and desorption
of individual gas molecules in step-like changes in resistance (Fig. 3.4), achieving NO2 de-
tection limit of 1 ppb at room temperature (RT). The level of sensitivity obtained is attributed
to the defect-free material which is exceptionally sensitive to tiny chemical perturbation, as
well as the low-noise Hall bar structure.
Fig. 3.4 (a) The adsorbed molecules change the local carrier concentration in graphene one
by one electron. (Inset) Microscopic image of the device. (b) Changes in resistivity, 𝜌, while
exposure to various gases diluted in concentration to 1 ppm. Adapted from [64].
NO2 sensors
It is suggested that open-shell adsorbates such as NO2 can perform direct charge transfers,
leading to strong doping effects [18]. NO2 is an electron acceptor. Upon adsorption of NO2,
the hole density of p-type graphene increases and thus the resistance decreases.
The sensing performance of graphene could also be improved either by doping or by the
incorporation of defects. Calculations have shown enhanced interactions with NO2 with
defective graphene [85]. One approach with nanopatterning using colloidal lithography
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has shown sensitivity enhancement of pristine graphene gas sensors [86]. The graphene
nanomesh (Fig. 3.5) exhibits sensitivities of 4.32%/ppm in NO2 with limits of detection of
15 ppb [86]. The superior response is attributed to a large number of edges in the nanomesh
structure where gas molecules can readily attach to the edges of narrow neck regions which
effectively control the charge transport.
Fig. 3.5 (a) Microscopic image of graphene nanomesh. (b) NO2 response for gCH4 and
gEtOH nanomesh. Adapted from [86].
LPE-processed GRM sensors have also demonstrated good sensing performances.
Ref [87] demonstrates a representative example of NO2 sensing with inkjet-printed rGO
prepared by reduction of exfoliated GO. Uniform film and low detection limit of 400 ppt are
obtained [87]. The reduction method (by using Vitamin C) produces rGO film with high
electrical conductivity (𝜎 ≈ 15 S cm−1) and fewer defects [87]. However, with the LPE
route, it is essential to balance the trade-offs between edge defects (in favor of sensitivity)
and conductivity (promotes carrier transport) in designing sensory devices.
NH3 sensors
NH3 is an electron donor. Upon adsorption of NH3, the holes of p-type graphene deplete dur-
ing electron transfer and thus the overall resistance increases. Nevertheless, n-type graphene
with positive gate bias in a FET device (Fig. 3.6(a)) has been shown to sense NH3 with im-
proved sensitivity [88]. Additionally, vertically oriented graphene sheets (Fig. 3.6(b)) offers
large surface area for detection of low-concentration NH3 [89].
Volatile organic compounds (VOC) sensors
An attractive chemiresistive vapor sensor constructed by monolayer pristine CVD graphene
on Au interdigitated electrode has been reported in Ref [90] (Fig. 3.7). The sensor exhibits
3.1 Graphene and 2D materials 28
Fig. 3.6 (a) A network of rGO bridging a pair of Au fingers [88]. (b) CNWs grown on letter
U, the clear boundaries distinguish gold from SiO2. Adapted from [89].
excellent selectivity towards both chemically diverse and chemically similar compounds. As
classified by machine learning algorithms, the sensor is capable of classifying 11 chemically
diverse compounds and 9 monosubstituted benzene compounds with an accuracy of 96%
and 92%, respectively [90]. The sensor possesses rapid response and recovery, and repro-
ducibility at RT. Despite excellent prediction capability with the computational technique,
the magnitudes of responses for most of the VOCs are rather low due to lack of available
binding sites at the pristine graphene.
Fig. 3.7 (a) Normalized sensor response to a chemically diverse set of compounds and (b)
corresponding PCA transform. Adapted from [90].
Humidity sensors
A representative humidity sensor is fabricated by deposition of GO films by either drop cast-
ing or spray coating on top of silver screen-printed interdigitated electrodes on a polyethy-
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lene naphthalate (PEN) substrate (Fig. 3.8) [91]. The humidity sensor is operated based
on GO’s super-permeability to water molecules. The protons generated via the reaction of
water molecules with the GO surface functional groups produce a decrease in the electrical
impedance [92]. The sensor exhibits unprecedented response and recovery times of 30 ms.
Fig. 3.8 (a) Sprayed GO (transparent) sensing element. (b) Normalized response of the dif-
ferent sensors (c) Normalized response of a 15 nm-thick GO sensor to a modulated humid
air flow at 10 Hz. Adapted from [91].
In addition, Ref [93] presents an inkjet-printed graphene-PVP composite onto CMOS
device. PVP is used as an active material (without undergoing annealing process) in a PVP-
graphene matrix for humidity sensing based on its hygroscopic nature. As moisture adsorbs
on the electrically insulating PVP, it causes PVP to swell which leads to a reduction in elec-
trically percolating pathways established by the graphene flakes, resulting in a conductivity
change.
Limitations
Despite some reports of demonstrated performance, most devices are far from practical appli-
cations due to lack of reproducible, scalable, and controllable fabrication techniques. While
employing scalable solution processing techniques, it is essential to balance the trade-offs
between edge defects and conductivity in designing sensory devices. These techniques are
required to be refined to achieve uniformity in graphene production, to improve stability of
measurements and device-to-device reproducibilities.
Furthermore, the selectivity of the sensors requires to be optimized. Discrimination ap-
proaches based on the response characteristics of different substances in either time [64],
as a function of gate voltage, or by performing classification techniques have been taken to
resolve the challenge. Another feasible approach is to combine individual surface-modified
sensors as multi-sensor arrays which are known as electronic noses. In this case, miniatur-
ization and functionalization are important to the realization of multifunctional microchips.
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3.2 Graphene-metal oxide (MOx) hybrid
3.2.1 Functionalization with MOx
Surface functionalization of graphene or rGO with MOx has proven to be an effective method
for improving responsivity and selectivity [60] due to the formation of metal-semiconducting
heterojunctions [94]. On the other hand, incorporation of graphene has the capability to offer
lowered operating temperatures [95, 96] to conventional MOx sensors.
Applicable MOx materials for gas sensing are transition-metal oxides with 𝑑0 and 𝑑10
electronic configurations [97]. The 𝑑0 configuration is found in binary transition-metal ox-
ides such as titanium dioxide (TiO2), WO3 [97]. Whereas, the 𝑑10 configuration is found in
post-transition-metal oxides, such as ZnO, tin(IV) oxide (SnO2).
Sensing properties of MOx
The oxygen ions formed within MOx structure dominates the sensing properties including
molecular adsorption [98], charge transfer [99], and catalytic performances [100]. The high
polarizability of O –2 causes MOx to exert large and nonlinear distributions of charges within
their lattices, creating an electrostatic screening zone that induces significant Coulombic
interactions with adjacent ions [101]. A built-in potential will then arise when MOx surfaces
are in contact [102]. Due to the strong ionic characteristics of transition MOx, the surfaces
of MOx become electronically activated [103], and they become ordered arrays of Lewis
acid-base centers, which allow adsorption of small molecules.
Sensing applications of MOx
Taking acetone detection (as studied in experimental Chapter 7) as an example, the materials
commonly used are ZnO [104], SnO2 [105], iron(III) oxide (Fe2O3) [106], and WO3 [33]. A
typical performance metrics of common gas sensors in the literature is presented in Table 3.1.
Material Sensitivity LoD (ppm) Resp time Temp (∘C) Ref
In2O3 nanowire 0.6 25 10 s 400 [107]
WO3 NP 1.5 0.2 3.5 min 400 [33]
ZnO film 5.71 100 30 s 200 [108]
LaFeO3 film 0.7 500 33 s 275 [109]
TiO2 film < 4 1 10 s 500 [110]
Table 3.1 Selected literature survey for acetone sensing
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Among those, WO3 is particularly useful for acetone sensing. For example, Si:WO3
could measure concentration down to 20 ppb of acetone [111]. The mechanism behind the
selectivity of WO3-based sensing materials is believed to be attributed to the spontaneous
electric dipole moment of WO3. It increases the interaction with gas molecules with high
dipole moment [111]. The dipole moment of acetone is 2.88, which is larger than most of
the other gases (NH3, H2O, and ethanol) presented in breath. NH3, H2O, and ethanol has a
dipole moment of 1.46, 1.85 and 1.69 [112], respectively. Therefore, the sensor exhibits a
higher response to acetone.
One of the limitations of WO3 semiconductor, however, is that since the depletion region
can be too wide, and thus the barrier can be too high for electrons to overcome, resulting
in low conductivity at ambient temperature. In order to compensate for this effect, high
operating temperature (300-500 ∘C) [107, 33, 110, 113] is used for sensing.
Furthermore, a single MOx sensor is unable to distinguish different analytes and its re-
sponse is easily affected by the presence of other gases. A feasible solution is to construct
a multi-sensor array. For example, Hwang et al. made a sensor array consisting of TiO2,
indium tin oxide (ITO), SnO2, and WO3 to sense hydrogen (H2), CO, and NO2 [114].
Limitations
One of the major limitations of MOx materials is that they require fairly high operating tem-
peratures to attain effective sensing performance due to the threshold of activation energy in
chemisorption processes [11]. High temperature is also an essential condition for the des-
orption of some gas molecules, allowing for electrical resistance recovery back to baseline.
The constraint on temperature not only poses an obstacle for reduction of power consump-
tion but also deteriorates material’s structural stability, leading to shortened lifetime and
compromised responses [97]. It also limits potential applications based on textile or flexible
polymer substrates e.g. PET which cannot sustain above 150 ∘C.
Moreover, due to the wide depletion layer induced around the MOx NPs, it imposes a
large energy barrier for electrons to transfer between grains, and thus slows down the re-
sponse of the device [115]. Another limitation is the low selectivity of most MOx sensors.
A feasible solution is to construct a multi-sensor array. The pattern of distributed response
may be classified using machine learning classifiers.
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3.2.2 Sensing mechanisms of graphene-MOx hybrid
The graphene-MOx hybrids reported to date exhibit improved responsivity [56] which is
attributed to the formation of local metal-semiconducting (M-S) heterojunctions [94, 116],
as well as the enhanced gas adsorption capacity at the active graphene sites [94, 57].
The sensing principle of graphene-semiconducting MOx NPs is described as follows.
When gas molecules are adsorbed or desorbed at the interface, the modulation of potential
barriers between grain boundaries will result in exponential increase or decrease in resis-
tivity. Nevertheless, the variation in resistance will be amplified when loaded with a small
concentration of graphene [94].
Fig. 3.9 Band diagram for NO2 sensing at graphene-SnO2 interface. 𝑊𝑔: depletion width in
air; Φ𝑏𝑔: potential barrier in air; 𝑊𝑔𝑁 : depletion width in NO2; Φ𝑏𝑔𝑁 : potential barrier in
NO2. Adapted from [94].
When graphene is uniformly distributed in MOx matrix, M-S junctions are formed at
the interfaces. Taking SnO2 as an example, because the work function of SnO2 Φ𝑠 > 4.7
eV is greater than graphene Φ𝑚 ≈4.5 eV, the interfaces form Ohmic contacts in vacuum,
as depicted in Fig. 3.9. Upon exposure to air, the potential barrier Φ𝑏𝑔 at M-S contact is
smaller compared with that of pure SnO2 NPs because electrons near the interfaces have
been acquired. The reduction in the barrier is represented as receded depletion region in
Fig. 3.10(a). Upon NO2 exposure, the interfaces act as active sites [117] which improves
gas adsorption. The improved gas adsorption results in greater expansion of depletion width
and a greater increase in potential barrier compared with those of pure SnO2 [94]. Since the
resistance has exponential relationships with the increased potential barrier, the sensitivity
of the sensor enhances dramatically [118].
As graphene loading increases, since graphene has high conductivity, the majority of
electrons transports via the interconnected graphene flakes, bypassing the path through MOx
NPs (as indicated in Fig. 3.10(b)), resulting in a dramatic reduction in sensitivity.
In summary, the amplification of resistance variation is contributed by two effects: (1)
the expansion of conduction channel in air due to Ohmic contact; and (2) the enlarged change
in resistance upon gas exposure due to improved gas adsorption at the interface.
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Fig. 3.10 Representative physical models for NO2 sensing mechanisms of SnO2 nanoparti-
cles loaded with graphene at (a) moderately low and (b) high graphene loadings. Adapted
from [94].
3.2.3 Approaches for performance improvement
In this section, the approaches for improvements for sensitivity, selectivity, and lowered tem-
perature operation in sensor performances are further analyzed with respects to the control
of their material, structural, and electronic properties.
For sensitivity improvement
Apart from the effect of M-S material interfaces discussed in the previous section, the surface
morphology of the sensing material plays a key role in sensitivity. It has been proven that
graphene with edge defects is able to enhance interactions with small molecules like NO2
in particular [85]. This property is especially useful for LPE-produced materials in which
defects have been created during production processes. In such sensing devices, deposition
of graphene/MOx hybrid in multiple layers would maximize the total area of gas exposure to
these heterojunctions (as opposed to exposure to single interfacial layer) and thus enhance-
ments in sensitivity. The argument is practically supported by the literature on thin-film
MOx/graphene hybrid composite sensors demonstrating profound sensitivities [11].
High porosity surfaces in other low-dimensional structures are also proven to improve
sensitivity. Ref [110] reports porous TiO2 nanoparticles made by flame spray pyrolysis. The
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sensor showes a sensitivity of 8 under exposure of acetone with a detection limit of 1 ppm.
Ref [119] reports porous TiO2 nanotube made by hydrothermal synthesis, achieving a sen-
sitivity of 50 for toluene detection. The sensitivity enhances when the size of nanowires is
decremented such that the depletion layer is greater than their diameters [120]. Furthermore,
Ref [121] reports sensitive NO2 detection using NiO sheets with large degree of mesoporos-
ity. The hybrid of those mesoporous materials with graphene offers great potential for further
sensitivity improvements.
For selectivity improvement
Sensing properties of nanostructure greatly rely on the crystal defect structure in the material
[11]. Taking ZnO (which is extensively employed in the thesis) as an example, its intrinsic
defects including oxygen vacancy and zinc interstitial sites, lead to adsorption of nitrate and
nitrite anions species onto its surface [122] and exhibits excellent selectivity at a particular
operating temperature. Additionally, creating local polarized covalent centers [123] or p/n
heterostructures [124] may also improve selectivity. For example, selective adsorption of
NH3 may be contributed by the cancelation of the opposite responses of n- and p-type MOx
nanomaterials [124].
For operating temperature reduction
MOx often require high operating temperature to overcome the activation energy threshold in
order to trigger the reaction between the analyte and surface-adsorbed oxygen [125]. Control
over structure and surface chemistry can offer a route for room temperature sensing [126].
Ref [96, 127] have shown the elimination of oxygen activation layer through blending of
Cu2O with rGO, to achieve room temperature operation.
3.2.4 Production methods
Low-dimensional MOx-based composites nanostructures are favorably produced by bottom-
up approaches due to the advantages of easy controllability, cost-effectiveness, fewer defects,
and homogeneity in composition [37]. Among MOx and GRM hybrids, MOx-rGO presents
a stable form of composite due to the established bondings between the two. The most com-
mon approaches in the literature for synthesizing these composites include solvo/hydrothermal
method [117, 96, 128–131], and thermal reduction [132, 133] techniques.
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Hydro/solvothermal synthesis
Hydro/solvothermal synthesis is the most widely used method for production of MOx-rGO
composites, in which MOx including SnO2 [117, 130], copper(I) oxide (Cu2O) [96], in-
dium(III) oxide (In2O3) [128], Fe2O3 [129], WO3 [131], etc have been synthesized for sens-
ing applications. This method allows synthesis of high purity and single crystalline samples
with convenient and easily controllable reaction based on temperature [134]. Fig. 3.11(a)
shows the hydro/solvothermal setup. The method offers a tool of using solvents in a tefflon-
lined steel vessel and conducting reactions at a temperature well above boiling points. Pres-
sure is built-up in the vessel by the solvent vapor, promoting crystal growth due to the ele-
vation in boiling points [37].
Fig. 3.11 Setup for hydro/solvothermal synthesis. Adapted from [134].
The supercritical water formed in the pressurized aqueous solution can act as a reducing
agent for the reduction of GO [135]. Supercritical water not only partly removes the oxygen-
containing functional groups, but also restores the aromatic structure [136], producing highly
reduced graphene (HRG) suspensions. On the other hand, the method is effective in yielding
nanowire-like MOx nanostructures. The growth of nanocrystal is via the oriented attachment
mechanism which results in particular shape due to preferential attachment of the crystal
planes [137].
The MOx NP/rGO composite is produced by the nucleation of NPs grown on GO in the
high temperature and pressure environment. The existing hydroxyl (-OH) and carboxyl (-
COOH) functional groups on GO serve as nucleation sites for NP growth and form covalent
metal-O-C bonds [138]. Moreover, GO acts as a template to promote preferential growth of
MOx nanocrystals and to prevent the agglomeration of MOx NP [117].
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The factors that affect the growth process include the precursors, solvents, pH, temper-
ature, and reaction time [37]. These factors contribute to the morphology, size, and level
of impurities/defects of the nanomaterials and affect their physical and chemical properties
[37]. Higher pH value tends to yield stable HRG dispersions, while HRG aggregates in an
acidic dispersion [135]. HRG/MOx is commonly yielded in solvents such as ethanol-water
mixture [139] and glycol [138] due to their reducing capabilities. Furthermore, the morphol-
ogy of NPs on HRG sheets can be controlled by the ionic liquids. Ref [140] shows that ionic
liquids facilitate the production of TiO2 NPs.
In summary, the hydrothermal method allows control of the crystal defect structure or
oxygen vacancies in the material, which may translate to sensitivity and selectivity [122].
The method can also produce mesoporosity in nanostructures to enhance sensitivity [141]
and to reduce response time [142]. However, the main drawbacks of this method are the
slow reaction kinetics [134] and a poor control of the grain morphology and size [134] that
affect the conductance of materials.
Thermal reduction
MOx-rGO composites can also be prepared through thermal treatment of deposited GO in
a matrix of pre-deposited MOx layers. HRG can be prepared by the thermal exfoliation and
reduction of GO through rapid heating of GO under inert gas and high temperature (1050
∘C) [143]. The heating led to the decomposition of oxygen-containing functional groups at-
tached on the carbon plane of GO [143]. However, the release of CO and CO2 during the
thermal exfoliation process causes significant structural damage to the platelets [143], lead-
ing to adverse effects on their electronic properties [144]. Moreover, the high temperature
processing used in this method is not compatible with industrial fabrication techniques.
Alternative methods
Alternative methods are developed to construct MOx nanostructures with high porosity and
surface area, as introduced as follows. 2D MOx nanosheets can be exfoliated by surfactant
self-assembly using lamellar reverse micelles [145]. 2D metal oxides without the intrin-
sically layered structures (e.g. ZnO) is obtained via morphological transformations [145],
self-assembly from its oligomers [145], and salt-template methods [146]. Whereas 3D meso-
porous single-crystal can be made by growing inside a mesoporous template immersed in
dilute reaction solution [147]. The produced MOx nanostructures are then grown, deposited,
or mixed with GRM to establish hybrid interfaces for high sensing performances.
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Device fabrication. After synthesis using any of the abovementioned methods, the
as-prepared nanostructure can be dispersed in a solution containing binders. The functional
materials are often deposited by drop- or spray- coating onto micro-fabricated contact pads.
After deposition, the coated substrate requires high temperature annealing. With strong ox-
idizing power, good chemical inertness, low cost, non-toxic, and high surface-to-volume
ratio, nanostructured MOx/GRM is promising for gas sensing [37].
3.2.5 Sensing applications
In this section, I focus on sensing applications for the detection of NH3, NO2, and VOCs
which have been developed in this thesis.
NH3 sensors
The comprehensive literature survey (Table 3.1) shows the comparison between different
representative nanomaterial-based sensors to date. The commonly studied nanomaterial-
based sensors are classified into 2D materials [148, 149, 71, 70, 72], pure MOx [150–154],
2D/MOx hybrids [117, 132, 123, 155, 156, 133, 157], and organic materials, including poly-
mer [149] and metal–organic frameworks (MOF) [158–160].
In Table 3.1, responsivity is compared at the concentration of desired application (10
ppm of NH3) if applicable. Baseline drift/sensitivity shows the average drift in one cycle,
represented as the percentage of sensitivity computed. Selectivity is quantified by the ratio of
sensitivity of NH3 to the next sensitive interfering gas presented. The text in brown indicates
poor performance, whereas the text in green indicates excellent performance.
For pure MOx, the adsorption of NH3 on the surfaces reduces the Schottky barriers,
resulting in decrease in resistance. Commonly used MOx for NH3 sensors include WO3
[150], SnO2 [151, 161], In2O3 [151], copper(II) oxide (CuO) [152], ZnO [153], and TiO2
[154]; with nanostructures ranging from nanoparticle, nanorod, to nanofibre.
In particular, ZnO is a chemically stable n-type semiconductor with high electron mobil-
ity and conductivity. It has been long exploited for NH3 detection due to its strong response
[162, 117] attributed to its oxygen vacancy and Zn interstitial sites [122].




LOD SNR; Stability Ref
Gr (pristine) ~1.9% @ 10 ppm 53% Very poor  (0.12 - NO) 83.7 ppb 3 Chen2012
rGO ~21% @ 10 ppm Not recoverable Good (1.9 - VOCs) 1 ppb Noisy Hu2014
WS₂ ~900% @ 10 ppm 11% Good (2.2 - ethanol) 1 ppm Noisy Li2017
BP ~30% @ 10 ppm 47% Poor (1.3 - NO₂) 1 ppm 4.8 Donarelli2016
MoS₂ ~3% @ 10 ppm 67% Very Poor 0.3 ppm 38 Lee2013
WO₃ nanofibre 44% @ 10 ppm 3.6% Good (4.6 - NO₂) N/A OK Leng2011
SnO₂ nanorod 25% @ 10 ppm N/A N/A N/A Noisy; Unstable Rout2007
In₂O₃ nanorod 10% @ 10 ppm N/A N/A N/A Noisy; Unstable Rout2007
CuO nanofibre 10% @ 10 ppm N/A Very Poor (0.25 - H₂S) 3 ppm Noisy; Unstable Zhou2018
ZnO 27% @100 ppm 56% N/A 50 ppm Noisy Li2014
TiO₂ 8% @ 10 ppm Negligible N/A 5 ppm - Dhivya2014
Gr/SnO₂ 6% @ 10 ppm 28% N/A 10 ppm - Lin2012
rGO/ZnO 1.2% @ 10 ppm 8.30% Good (2 - NO₂) N/A Unstable Zhang2017
rGO/Co₃O₄ nanofibre 27% @ 10 ppm N/A Good (6.7 - VOC) 5 ppm Noisy Zhang2017
MoS₂/ZnO 37.5% @ 10 ppm 0.37% Good (6.3 - CO) 12 ppb Noisy; Unstable Tai2016
MoS₂/Co₃O₄ 65% @ 5 ppm 17% Good (2.6 - ethanol) 0.1 ppm Noisy; Unstable Feng2016
WS₂/WO₃ 80% @ 10 ppm N/A Poor(1.25-H₂) 1 ppm OK Perrozzi2017
SnS₂/SnO₂ 16% @ 10 ppm 20% N/A 10 ppm Noisy; Unstable Xu2015
Polypyrrole 8% @ 50 ppm 25% N/A N/A Very Noisy Hu2014
Cu₃HHTP₂ 25% @ 10ppm 10% Good (3.25-acetone) 0.5 ppm - Yao2017
Cu₃(HIIP)₂ 2.5% @ 10ppm 16% N/A 0.5 ppm Unrepeatable Campbell2015





Table 3.1 Literature table of performance matrix of selected sensors based on nanomaterials and their hybrid composites
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For organic materials, although the best performing Cu-2,3,6,7,10,11- hexahydroxyt-
riphenylene (Cu3HHTP2) sensor [158] shows good selectivity, it is produced by a layer-by-
layer (LbL) liquid phase epitaxial method which is not scalable, and it has high baseline drift
and low sensitivity, making it unsuitable for practical applications.
Selectivity in the ambient environment is a critial criteria for applications. The works like
rGO/cobalt(II,III) oxide (Co3O4) nanofibre [123], MoS2/ZnO [155], WO3 nanofibre [150]
perform superior selectivity over others. On the other hand, scalability and miniaturiza-
tion are also important for practical implementation. The reports to date are not fabricated
with scalable methods (e.g. electrospinning and LbL self-assembly). The reliability of sens-
ing performances is also crucial for applications. Most sensors reported to date have not
demonstrated stable responses, sufficient SNR (signal-to-noise ratio), and device-to-device
consistancy; in most reports, only single devices are studied.
Fig. 3.12 summarizes the selected literature on MOx/graphene NH3 sensors. Ref [117]
synthesized SnO2/graphene composite via a simple one-pot hydrothermal method with tin(II)
chloride (SnCl2) as the precursor and GO as template. It exhibits 3D nanostructure of flower-
like SnO2 nanoflakes distributed among the graphene layers. It shows 6% responsivity at 10
ppm, response and recovery time < 1 min. However, the baseline drift of 28% is severe.
Ref [132] produced ZnO NP/rGO thin film by spray-coating ZnO colloids and subsequent
thermal reduction of GO. Although the production method is very simple, the performances
are poor with low sensitivity and unstable responses. Ref [123] synthesized encapsulated
Co3O4-rGO nanofibres using electrospinning. It shows 27% responsivity at 10 ppm and ex-
cellent selectivity (best at 6.7) against VOC interferents. The selective NH3 adsorption is
attributed to the polarized C-Co +3 covalent centers within the nanofibers, and the hierarchi-
cal wrapping microstructure. [123] However, it shows a long recovery time of 5 min.
More recently, transition metal dichalcogenides (TMDs) 2D materials such as MoS2
[155, 156], WS2 [133], tin(IV) sulfide (SnS2) [157] have been synthesized with MOx to
study the sensing properties of those composites. Apart from the layered nanostructures,
these TMDs possess semiconduing properties [11] which are harnessed to create p-n junc-
tions with semiconducting MOx to improve sensing performances [156, 157].
Ref [155, 156] reports multi-layered MoS2/MOx composite film fabricated by an LbL
self-assembly technique. The MoS2/Co3O4 sensor [156] exhibits sensitivity of 65% at 5
ppm. The sensing property is ascribed to the heterojunction created at the interface of n-type
MoS2 and p-type Co3O4. However, the production method is not scalable and the SNR is
low, preventing them from practical applications. Ref [133] presented WS2/WO3 composite
produced by drop-casting WS2 dispersion and subsequent thermal treatment in air. It exhibits
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Fig. 3.12 (a) SEM of SnO2/graphene [117]. (b) Response of SnO2/graphene device [117].
(c) SEM of ZnO NP/rGO [132]. (d) Response of ZnO NP/rGO devices [132]. (e) Illustration
of Co3O4 nanofibre /rGO [123]. (f) Response of Co3O4 nanofibre /rGO [123].
80% responsivity at 10 ppm NH3 with 1 ppm detection limit. However, the selectivity of this
composite is poor, as it is also sensitive to H2 and NO2 due to physisorption mechanism [133].
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NO2 sensors
rGO functionalized with MOx including ZnO [55, 163], Cu2O [96], In2O3 [128], Fe2O3
[129], SnO2 [164, 165, 130, 166], WO3 [131], NiO [141] have been studied extensively for
NO2 detection. Due to oxygen vacancies presented in these oxides, oxidative NO2 gas with
high electron affinity can capture electrons from conduction bands of the oxides, resulting
in an increase in resistance. The rationale for using rGO is that its high porosity not only
provides sufficient active sites for gas adsorption, but also supplies channels for gas diffusion
[167].
Table 3.2 summarizes the sensor performances in literatures using MOx-rGO hybrids.
Material Conc(ppm) Resp(@ppm) Resp/Recov Temp(∘C) Select Fab Ref
ZnO-rGO 1-25 0.26@5 165/499s RT poor easy [55]
Cu2O-rGO 0.4-2 0.68@2 400/600s RT N/A easy [96]
Cu𝑥O-rGO 0.1-97 0.7@4.8 20.6/-s RT N/A easy [127]
In2O3-rGO 5-100 8.25@30 4/24min RT good easy [128]
Fe2O3-rGO 0.18-90 0.4@9 100/800s RT good easy [129]
In-SnO2-rGO 0.3-100 0.7@5 500/1000s RT good easy [164]
SnO2 NF-rGO 1-5 100@5 100/100s 50-250 good hard [165]
SnO2 NP-rGO 0.5-500 3.31@5 75/300s 30-60 poor easy [130]
SnO2-rGO 2-8 10@8 50/500s 50-350 N/A hard [166]
ZnO-rGO 0.5-5 6.8@5 45/65 min 250 poor hard [163]
WO3-rGO 0.025-20 61@1 50/50s 300 good easy [131]
NiO-rGO 1-15 4.7@5 200/400s 200 good hard [141]
Table 3.2 Literature survey for NO2 sensing
The following reports (as summarized in Fig. 3.13) show NO2 sensors operating at room
temperature. Ref [96] synthesized rGO-conjugated Cu2O nanowire mesocrystals by crystal-
lization under hydrothermal conditions. The sensors are fabricated by drop-casting rGO/Cu2O
onto pre-patterned electrodes. The LoD is 0.4 ppm and sensitivity is 0.68 (at 2 ppm), while
the detection range is narrow and the response/recovery time are very long (400/600 s).
Ref [127] demonstrates a novel 3D nanoflower-like Cu𝑥O/multilayer graphene composite.
It shows a high sensitivity of 27% at RT, LOD of 97 ppb, a response time of 58 s, and good
linearity. However, the preparation method is very complex. These reports show that blend-
ing of Cu2O with graphene or rGO can eliminate the need for oxygen activation layer [168],
achieving RT operation.
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Fig. 3.13 (a) SEM of Cu2O/rGO nanowire mesocrystals [96] (b) Response comparison
of Cu2O/rGO, Cu2O nanowire, and rGO devices [96] (c) TEM and (inset) HRTEM of
In2O3/rGO [128] (d) Response of In2O3/rGO device [128] (e) TEM of 𝛼-Fe2O3/rGO [129]
(f) Response of 𝛼-Fe2O3/rGO device [129]
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The following reports show the capability of fabricating sensitive and selective NO2 sen-
sors using facile hydrothermal process. Ref [128] synthesized In2O3/rGO composite by a
simple hydrothermal method, using GO and In(NO3)3 precursor at 200 ∘C for 24 h. The sus-
pension is coated followed by aging. The sensor shows sensitivity of 8.25 at 30 ppm, good
linearity within 5-60 ppm, and good selectivity. However, the response/recovery time are
extremely long (4 / 24 min). Additionally, Ref [129] synthesized 𝛼-Fe2O3/rGO using facile
hydrothermal process followed by spin-coating deposition. It is capable of RT operation
with 180 ppb detection limit. It exhibits good linearity and selectivity to NO2.
The following reports show improved sensitivity and selectivity using more complex
production methods. Ref [169] develops In2O3 cube/rGO sensor and shows excellent sen-
sitivity and selectivity against interferrants. The author attributes this to the effective elec-
tronic interaction between n-type In2O3 and p-type rGO via the hybrid architectures [169].
Additionally, Ref [165] synthesized SnO2 nanofibre with rGO using electrospinning. The
interface creates local p–n heterojunctions, providing a potential barrier and a local elec-
tron absorption reservoir [165]. It exhibits excellent sensitivity of 100 at 5 ppm and 200
∘C with rGO loading of 0.44 wt%. It shows good selectivity. However, it experienced long
response/recovery time and is difficult to prepare.
Limitations
Despite of improved sensitivity, selectivity, and lowered operating temperatures that can be
realized with MOx/GRM nanostructure hybrids, critical issues common to chemiresistive
sensors such as long response/recovery time [53–55, 96, 128, 164, 163], severe baseline drift
[56, 55, 57], low SNR and unstable responses [56, 55, 57], poor device-to-device consistency
[170], selectivity issues [55, 130, 163] including interference with VOCs [171] and water
vapor [117], require to be further improved.
Based on existing literature on other material platform, I hypothesize that dynamic con-
trol of operating temperature could be applied to improve detection limit [38], baseline drift
[172], cross-selectivity [173, 174], and power consumption of MOx and 2D material gas
sensors. This approach is further developed in Chapter 5.
3.3 Material characterization techniques
To facilitate the fundamental understandings on sensing mechanisms, it is useful to carry
out material characterizations. Here, I introduce the common spectroscopic and microscopic
techniques used throughout this thesis.
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3.3.1 Spectroscopy
Raman
Raman spectroscopy is the most widely used non-destructive techniques for studying the
interatomic vibrations (phonons) of 2D materials [175, 176]. Raman spectroscopy uses a
monochromatic laser to interact with molecular vibrational modes and phonons in a sample,
shifting the laser energy down (Stokes) or up (anti-Stokes) through inelastic scattering [177].
Identifying vibrational modes using only laser excitation, Raman spectroscopy has become
the most powerful method to characterize 2D materials [178]. The characterization is con-
ducted on the samples deposited on a Si/SiO2 wafer or device to assess the composition of
the printed film.
I develop a MATLAB program that automatically analyses raw Raman data to evaluate
characteristics Raman peaks of printed graphene sensing film, as well as to generate map-
pings of oxidation level of printed BP film. The data is fitted to the Lorentz equation:
𝑌 ′(𝑋) = 𝑃1
(𝑋 − 𝑃2)2 + 𝑃3
+ 𝐶𝑜𝑛𝑠𝑡 (3.1)
where 𝑋 and 𝑌 are the independent and dependent variables; 𝑃𝑖 are the fitting parameters;




Each file of raw data contains the intensity data corresponding to the Raman shift, carried
out at one measurement point. Often non-linear baseline (background) appears in the Raman
plot due to interference with the substrate or other materials. To perform background sup-
pression, I first estimate the locations where the characteristics peaks occurred in the curves.
Next, the Lorenz curves of characteristics peaks are extracted. Then, I cover the locations
where the curves are. Finally, apply polynomial fit and subtract the entire curve by the fitted
polynomial. The fitted Lorenz curves of characteristics peaks are displayed in Fig. 3.14.
The Raman spectrum of few-layer graphene has three main peaks: the G peak (at ≈1,580
cm−1, yellow fitted curve), a primary in-plane vibrational mode; and the D peak (at ≈1,350
cm−1, orange fitted curve) and the 2𝐷𝐺𝑟 peak (at ≈2,700 cm−1, purple fitted curve), a second-
order overtone of another in-plane vibration mode [176].
To examine the oxidation level of the printed BP film as presented in my work [58]
(in collaboration with Dr. Hu), I scan through the entire surface of the sample to create a
spatial mapping based on the intensity ratio 𝐼(𝐴1𝑔)/𝐼(𝐴2𝑔) (Fig. 3.15(a)) where 𝐴1𝑔 is out-of-
plane peak and 𝐴2𝑔 is in-plane peak. Generally, 𝐴1𝑔 is at ≈363 cm−1, 𝐴2𝑔 is at ≈467 cm−1.
𝐼(𝐴1𝑔)/𝐼(𝐴2𝑔) = 0.6 is the threshold for oxidation level. In the program, the oxidation level
at each point can be associated with the characteristic peaks fittings. Fig. 3.15(b) shows
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Fig. 3.14 Raman fitted with peaks of interest: D, G, and 2𝐷𝐺𝑟 peaks are indicated by orange,
yellow, and purple dotted curves, respectively.
the selected Raman curves corresponding to the locations labelled in Fig. 3.15(a), where #1
presents a null data point; #2 (0.38) presents a data point with low oxidation level; #3 (0.74)





















































Supplementary Figure 3. (a) Polarisation-resolved Raman spectra of dropcast dried BP ink, intensity normalised to I(A2g);
(b) The associated peak intensity ratio, I(A1g)/I(A
2

















































Supplementary Figure 4. (a) Typical Raman spectrum with FWHM for the exfoliated and bulk BP, i.e. Fig. 1(d) with
FWHM labels; (b) FWHM statistics of ∼360 measurement points.













































Supplementary Figure 5. (a) Raman map of the intensity ratio, I(A1g)/I(A2g), with 1 µm spatial step. The grey squares
correspond to regions where the Raman intensity is too low for accurate interpretation; (b) Raman spectra of #1, #2 and #3.
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Fig. 3.15 (a) Raman map of the intensity ratio 𝐼(𝐴1𝑔)/𝐼(𝐴2𝑔) with 1 𝜇m spatial step. The grey
squares correspond to regions where the Raman intensity is too low for accurate interpreta-
tion. (b) Raman curves corresponding to the locations labelled in (a).
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Ultraviolet–visible spectroscopy (UV-Vis)
UV-Vis is an instrument used to estimate the concentration of flake dispersion of the inks.
UV-Vis measures the optical absorbance of a compound in solution. The apparatus usually
consists of the light source, a monochromator, sample and reference holders, and detectors.
A filtered monochrome beam is split and passed through a sample and a reference, respec-
tively, allowing the collection of an absorbance spectrum spanning a wide wavelength.
The concentration 𝑐 is obtained by using Beer-Lambert Law:
𝐴 = 𝛼𝑐𝑙 (3.2)
where 𝐴 is absorbance obtained from UV-Vis; 𝑙 is the length of the optical path; 𝛼 is the ab-
sorption coefficient. The dispersion is diluted to 20% to avoid scattering losses. The exper-
imentally determined absorption coefficient of graphene 𝛼 = 360 L g−1 m−1 at wavelength
of 660 nm [179].
3.3.2 Microscopy
Atomic force microscopy (AFM)
AFM is a microscopic technique used to study the thickness and morphology of the samples
[180]. AFM consists of a cantilever with a sharp tip in nanometers size, that scans across
the surface of the sample. The scanning mode of AFM may be either static, whereby the tip
and the surface contact, or dynamic, whereby the cantilever vibrates. During operation, the
tip is driven close to the surface, such that the repulsive force against the tip is collected to
represent the thickness and the surface morphology.
The sample is prepared by drop-casting diluted ink (20×) onto Si/SiO2 wafer and dry on
top of 120 ∘C hotplate. To blow off dust, the sample is then blown with nitrogen (N2) gun
before carrying out AFM measurements. The AFM samples are characterized with a Bruker
Dimension Icon AFM in ScanAsystTM mode, using a silicon cantilever with a silicon nitride
tip. Fig. 3.16 shows the AFM images with graphene flakes and the cross-sectional thickness
of the flakes.
Scanning electron microscope (SEM)
SEM is utilized to visualize the surface morphology of the printed films produced from the
inks I prepared. The operating principle of SEM is described as follows. The samples are
placed in a chamber pumped into a high vacuum. Primary electrons generated by the strong
electric field between thermionic cathode and anode are focused by electromagnetic lens to
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Fig. 3.16 (a) Representative AFM images of UALPE exfoliated graphene flakes. (b)
Zoomed-in image of (a). (c) An example of measured cross-sectional thickness of individual
flake from the green line in (b). Adapted from [81].
strike the specimens. These electrons knock out the electrons of the sample material and
generate secondary electrons. These secondary electrons are led by a positively biased grid
to the detector which is connected to a computer for processing. The principle is that many
recorded secondary electrons lead to a bright point; fewer electrons lead to a grey point; none
at all leads to a black one. After scanning over the sample, the final image is generated. To
eliminate electron charging which distorts the scanning images, I sputter-coated a nanometer-
thick Au/Pd layer prior to conducting SEM. During the SEM process, specimens are placed
in a chamber under vacuum environment. The electron beam of 3eV energy is applied.
3.4 Summary
In this chapter, the key advances in the sensing application of 2D nanomaterials and their
composites with MOx nanomaterials, are summarized for different groups of analytes includ-
ing NH3, NO2, VOCs, and humidity. The graphene-MOx hybrids reported to date exhibit
improved responsivity which is attributed to the formation of local M-S heterojunctions and
enhancement in gas adsorption capability at the active graphene sites. The production of
such nanocomposite in literature is mostly based on the hydrothermal synthesis, as it allows
low-cost and solution-processable synthesis of high purity materials. Despite the improved
material system, the challenges of recovery time, baseline drift, reproducibility, device-to-
device consistency, and so on need to be further addressed through measurement protocols
and fabrication techniques. In addition, the insights of the 2D-MOx material characteristics
are discussed and the program I develop for automatic Raman mapping is highlighted in the
material characterization techniques section.
Chapter 4
Ink Systems for Device Fabrication
In the previous chapter, I discussed about the current literature on 2D, MOx, and hybrid ma-
terials for sensing applications. My target applications of point-of-care diagnostics and air
quality monitoring rely on the development of material production and deposition technolo-
gies tailored for compatible integration with low-powered mobile-embeddable CMOS chips.
The deposition method should be compatible with both the high performing 2D/MOx ma-
terials and the device platform. Solution processing of 2D materials coupled with printing
technologies is regarded as a promising route for high yield and cost-effective manufacturing
approach for printed devices.
The common industrial printing methods comprise flexographic, gravure, screen, and
inkjet printing. Each method has its own tailored applications and limitations. Among
these methods, inkjet is the most suitable technique for my application, because it is a high-
precision, material-efficient and scalable technique that is capable of producing thin sensing
layers suitable for the miniaturized CMOS platform. Furthermore, this process enables auto-
mated fabrication of multiple materials on the same platform, allowing batch production of
multi-sensor array. However, the non-uniform material deposition attributed to the coffee-
ring effect remains a critical challenge for inkjet technology.
In this chapter, I review the current literature on the functional ink systems, starting with
the comparison of printing technologies (Section 4.1), proceeding with the understandings
on the fundamental rheological properties in different ink systems (Section 4.2). Next, I fo-
cus on the inkjet deposition technique employed throughout the project (Section 4.3), intro-
ducing its principle and processes; the ink production technique including the requirements
for ink formulation; the properties and processes that govern the uniformity of printed mor-
phologies, including jetting properties, droplet spreading dynamics, and coffee-ring effect.
In particular, I develop a model to simulate the printed morphology based on experimental
printing parameters.
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The contents in Section 4.3.5 have been submitted and are under review [181]. Guohua
Hu has contributed to Section 4.3.5. The modeling of inkjet morphology in Section 4.3.6 is
my original work and does not form part of the literature review.
4.1 Overview of printing technologies
The common industrial printing methods comprise flexographic, gravure, screen, and inkjet
printing. Table 4.1 summarizes the key output parameters of these printing techniques.
Method Ink viscosity(cP) Linewidth(𝜇m) Thickness(𝜇m) Speed(m min−1) Contact
Inkjet 4-30 (Very low) 30-50 ≈1 1 (Slow) No
Gravure 100-1000 (Low) 10-50 ≈1 250 (Fast) Yes
Flexo 1,000-2,000 45-100 < 1 200 Yes
Screen 1,000-10,000 (High) 30-50 5-100 ≈70 (Medium) Yes
Table 4.1 Comparison of print parameters across common printing methods. Adapted from
[182–184].
Fig. 4.1 Schematics of printing techniques (a) flexographic (b) gravure. Adapted from [183].
4.1.1 Flexographic printing
As shown in Fig. 4.1(a), the ink is supplied from an ink reservoir to an anilox roller, which
then delivers a metered amount of ink to the plate cylinder. The plate cylinder consists of
raised plastic or rubber blocks which allows transfer of desired patterns. The technique is
capable of printing at a fast rate of up to 200 m min−1 [183]. However, it produces com-
paratively low film thickness (< 1 𝜇m) [184] which may result in discontinuities in printed
pattern.
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4.1.2 Gravure printing
The setup is shown in Fig. 4.1(b). The gravure cylinder is made of metal, with the pattern
taking in the form of engraved cells. The depth of engraved cells controls the amount of ink
to be transferred to the substrate. During print press, ink is transferred directly from the ink
reservoir to the gravure cylinder. Because the ink is stored within these engraved cells, it
eliminates the need for anilox roller. This reduces the complexity of the printing process.
Print speed as fast as 250 m min−1 is hence attainable [183].
4.1.3 Screen printing
Fig. 4.2 (a) Illustration of the screen printing method. Adapted from [185]. (b) Microscopic
image of the screen mesh. The scale bar is 100 𝜇m. (c) My demonstration of screen-printed
Cambridge University crest using graphene paste.
The main advantages of this technique are: it produces the thickest film for best substrate
coverage; high materials loading is possible; the film thickness and definition of printed pat-
terns are controllable via thread diameters, mesh thickness, and mesh openings [184]. Along
with the inexpensive mesh, this technique is suitable for customized designs. Furthermore,
the ink viscosity as high as 10,000 cP [183] is achievable thanks to the possibility of the ap-
plication of high shear rates to shear-thinning pastes during printing. However, this process
is a relatively slow production process, with capacity of 70 m min−1 when automated in flat
bed systems [183].
The screen-printing technique uses a woven mesh to support an ink-blocking stencil. The
operating process is illustrated in Fig. 4.2(a). The screen consists of a finely woven mesh
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of stainless steel, nylon or polyester, mounted under tension on a metal frame. Fig. 4.2(b)
shows a microscopic image of the mesh.
During printing, the substrate is held at a distance from one side of the screen, while
the ink is loaded on the opposite side of the screen. A squeegee traverses the screen under
pressure. The screen is thereby brought into contact with the substrate and also the ink is
forced through the open threads of the woven mesh. The required device pattern from the
screen is thus left on the substrate. The next step is to dry the paste by evaporating the
solvent. After drying, the film may be subjected to thermal treatment. During this stage, the
organic carrier is evaporated, and other chemical and physical processes impart adhesion.
Fig. 4.2(c) demonstrates the screen-printed Cambridge University logo with graphene ink
on a photo paper substrate. It shows high print definition with high material loading.
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Fig. 5.2 Typical profiles of printed lines of (a) high and (b) medium and (c) low viscosity inks.
As the viscosity of the ink utilised by the printing process is reduced, the greater is the likelihood
of the coffee ring formation
Figure 5.2a–c schematically presents the typical cross sectional profiles of
printed lines at different ink viscosities. Typically, a rectangular shape is most
desired, as this represents a uniform deposition of material and hence, a uniform
morphology across the printed structure [1]. However, this usually occurs only in
the case of highly viscous inks, such as screen inks. With a decrease in ink viscosity,
less polymeric binder content remains present in the ink to hold a stable dispersion.
Eventually, very low viscosities lead to an undesired coffee-ring effect which
deposits material unevenly on the periphery of the print; Fig. 5.2c. A rectangular
profile is easy to achieve on screen printing systems and can be readily achieved on
flexo and gravure systems by increasing the binder content (and hence the viscosity
of the ink). Inkjet-printable inks, which are typically of far lower viscosity, are
unlikely to achieve a rectangular profile. Therefore, the target for inkjet printing
applications is a semicircular cross-sectional profile.
The coffee ring effect is caused by a range of factors that include the ink viscosity,
wettability of the substrate and solvent vapourisation uniformity [1]. However,
the greatest contributing factor for the coffee ring effect is related to the ink (or
dispersion) drying processes [2, 3]. Deegan et al. proposed that the coffee ring effect
arose from an unbalanced evaporation in a droplet during the drying process [2, 3].
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Fig. 4.3 Typical profiles of printed lines of (a) high and (b) medium and (c) low viscosity
inks. Adapted from [182].
As mentioned earlier, t ink viscosity pecification acro s different techniques vary
vastly, descending from screen-, flexo-, gravure, inkjet printing. This is illustrated in Fig. 4.3.
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The ink viscosity can transform to different printed morphology: high viscosity inks produce
rectangular printed lines; medium viscosity produce semi-circular feature; low viscosity can
produce printed films with coffee rings.
Printing techniques rely on shear-thinning behaviors (Fig. 4.4(a)) i.e. to become less
viscous at higher shear rates. This property is crucial especially when the inks contain high
pigment contents. Shear-thinning allows high loading inks to transform into a printable form
when a high shear rate is applied during the printing press. These inks normally contain
rheology modifiers which are polymers that are endowed with shear-thinning properties.
Such property derives from the tendency of the long-chain molecules to orient themselves
in the direction of flow.
Fig. 4.4 (a) Rheological profile of various printing techniques. Adapted from [186]. (b)
Image of a rheometer. (c) Zoomed in of parallel plates. (d) Schematics of parallel plates.
Rheological properties of the ink can be characterized by a rheometer (Fig. 4.4(b)). One
of its function is to measure viscosity of the ink at different shear rate applied. It is thus a
useful tool to stimulate rheological behaviors during printing press and at storage conditions.
The parallel plate rheometer consists of a stationary plate and a rotating plate (Fig. 4.4(c,d))
which controls the velocity. Shear rate ̇𝛾 is determined by the velocity 𝑣 of fluid dropping
across plate separation ℎ (or gap) to 𝑣 = 0 at the stationary plate.
̇𝛾 = 𝑣ℎ (4.1)
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Viscosity 𝜂 is then defined as shear stress 𝜏 that resists the deformation over shear rate ̇𝛾 .
𝜂 = 𝜏̇𝛾 (4.2)
The shear stress of sample is measured by the torque transducer.
4.3 Inkjet printing
Inkjet printing is a direct-write and contactless digital printing technique where desired pat-
terns are deposited by the ink droplets which are propelled from an ink chamber [187]. Un-
like analog printing techniques, inkjet printing enables computer-assisted layout design and
production which not only can be automated but also offers flexibility in prototyping [188].
Moreover, it achieves high resolution with a minimum feature size of 20 𝜇m [189]. Besides,
the low volume (10 pL) of ink consumption makes it attractive for deposition of high-cost
materials. However, disadvantages include issues such as nozzle clogging, the temperature
dependence of dispensing reagents, slow print rate, and costly printers [187].
The main challenges for inkjet printing are to produce stable ink at high concentrations
and uniformly deposited film which is influenced by coffee ring effect and wettability of
solvent used. The coffee ring effect results in materials deposited towards the edges [190],
whereas wettability influences the adhesion of the film [184].
















Fig. 5.7 (a) A continuous inkjet (CIJ) printer (b) Drop-on-demand (DOD) inkjet printer with
piezoelectric head (c) DOD printer with thermal head.
(LPE) 2D material dispersions are readily adapted to inkjet printing for device
fabrication [22, 29–37].
However, as the inkjet printing head needs to scan over the substrate to deposit
ink droplets, inkjet printing is limited to low printing speeds, typically well below
1 m s−1 [38]. Among these two inkjet printing technologies, CIJ offers a number of
advantages over its counterpart DOD.
CIJ allows a higher jetting speed and the use of volatile inks with low boiling
point solvents as there is less risk of nozzle clogging resulting from ink drying.
However, the complexity of CIJ (e.g. control of droplet jetting, deflecting and
recycling) often limits the application of CIJ. Despite the limitations of nozzle
clogging, DOD inkjet is the most widely researched and employed technique in the
printing of 2D material inks. The similarities in viscosities between LPE dispersions
and inkjet inks also means that inkjet printing has become an ideal method of
printing 2D materials.
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Fig. 5.7 (a) A continuous inkjet (CIJ) printer (b) Drop-on-demand (DOD) inkjet printer with
piezoelectric head (c) DOD printer with thermal head.
(LPE) 2D material dispersions are readily adapted to inkjet printing for device
fabrication [22, 29–37].
However, as the inkjet printing head needs to scan over the substrate to deposit
ink droplets, inkjet printing is limited to low printing speeds, typically well below
1 m s−1 [38]. Among these two inkjet printing technologies, CIJ offers a number of
advantages over its counterpart DOD.
CIJ allows a higher jetting speed and the use of volatile inks with low boiling
point solvents as there is less risk of nozzle clogging resulting from ink drying.
However, the complexity of CIJ (e.g. control of droplet jetting, deflecting and
recycling) often limits the application of CIJ. Despite the limitations of nozzle
clogging, DOD inkjet is the most widely researched and employed technique in the
printing of 2D material inks. The similarities in viscosities between LPE dispersions
and inkjet inks also means that inkjet printing has become an ideal method of
printing 2D materials.
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Fig. 4.5 Inkjet printing principles: schematics of (a) CIJ, and (b) DoD inkjet printing with
piezoelectric printhead. Adapted from [182].
4.3.1 Principle and processes
Fig. 4.5 presents the schematics of the two popular jetting strategies: continuous inkjet (CIJ)
and drop-on-demand inkjet (DoD). CIJ printer (Fig. 4.5(a)) jets the droplet continuously,
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and the frequency of jetting is controlled by the pressure applied to the ink reservoir. The
deposition of droplets is controlled by the deflection plates which apply an electrostatic field
to charge the droplets that are to be printed onto the substrate.
Whereas DoD (Fig. 4.5(b)) only jets droplets on demand. The droplets are jetted through
the control of the shape of a piezoelectric material via passing a voltage waveform. This
change in shape leads to a change in pressure of the reservoir and force the ink out of the
printhead. Printing parameters including voltage waveform, inter-drop distance, and printing
repetitions can be tuned to obtain optimal jetting properties and printed morphology. DoD
inkjet is the most widely used instrument in academia and thus I also use a commercial DoD
printer in my research. Fig. 4.6 shows a single printed droplet of graphene ink using Dimatrix
DMP-2831.
Fig. 4.6 Dark field microscopic image of a single droplet (left) printed with Dimatix materials
printer (right).
4.3.2 Ink preparation: Ultrasonic Assisted Liquid Phase Exfoliation
(UALPE)
UALPE is a scalable and controllable approach to yield high quality flakes [179, 191],
through the processes of overcoming the interlayer van der Waals forces and balancing
nanosheet-solvent interactions [192]. UALPE involves the following processes: ultrason-
ication, centrifugation, and redispersing in a solvent mixture (optional). Fig. 4.7 illustrates
the overall process commonly carried out for the preparation of graphene inks. First, ultra-
sonication generates cavitation bubbles between the crystal layers. The bubbles then collapse
into high energy jets which weaken the interlayer forces, yielding isolated flakes dispersed
in the solution. Bath sonicator is selected for exfoliation as it offers evenly distributed power
which prevents defects of basal planes. I note that after low power bath sonication for 12 hr,
much of the starting graphite material typically remains unexfoliated.
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Purification of the resultant mixture is carried out using centrifugation to sediment these
unexfoliated flakes [81]. Sedimentation based separation (SBS) is the most commonly used
method to separate various particles on the basis of their sedimentation rate in response to
centrifugal force acting [193]. Convenient control of the average flake size of 2D materials
through the control of the centrifugation speed is therefore attainable [194]. The supernatant
(top ≥ 70 %) after centrifugation is collected as the graphene dispersion. After filtration,
the dispersion can be re-dispersed in a solvent mixture for better rheological properties and
printed morphologies [58]. The inks are then ready to be loaded into an inkjet printer.
Fig. 4.7 Illustration of graphene ink formulation process.
The UALPE method allows production of dispersions with flake dimension < 1 𝜇m and
viscosity of ≈ 2 mPa s [195, 63, 196], which satisfy the requirements for inkjet printing. This
approach has since been successfully extended to a wide range of 2D materials, including
TMDCs [81], BP [58], and h-BN [81], as shown in Fig. 4.8(a,b).
The following targets are considered in the process of formulating high-performing inks
tailored for the sensing applications: (1) to facilitate high quality exfoliation of graphite; (2)
to produce stable and homogeneous dispersion consisting of two sensing material classes
(graphene and MOx) at high concentrations; and (3) to optimize jetting and wetting proper-
ties for producing uniformly-printed films.
Selection of solvents
Selection of suitable solvents and stabilization agents plays crucial roles in minimizing en-
thalpy of mixing [179, 81], preventing re-stacking of the exfoliated flakes [197] and facili-
tating stable dispersions [198].
The dispersion of flakes in a general solvent occurs when the Gibbs free energy of mixing
has a negative value or is close to zero. Successful solvents for graphene dispersibility are
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Fig. 4.8 Liquid phase exfoliation: photographs of (a) selected bulk materials before exfo-
liation, and (b) 2D material dispersions. The concentration of graphene dispersions with
respect to (c) solvent surface tension (adapted from [191]) and (d) Hansen solubility param-
eters with fitted curves. (adapted from [199])
generally those with surface tension of 38 mN m−1 (Fig. 4.8(c)) [191]. The characteristics
of dispersibility is further analysed with a more realistic Hansen solubility parameter (HSP)
[200]. Dispersibility is optimal when the change in enthalpy of mixing, Δ𝐻𝑚𝑖𝑥, is minimal.
Δ𝐻𝑚𝑖𝑥 is determined by the intermolecular interactions between the 2D material flakes and
the solvent(s) in the dispersion. The interactions can be decomposed into contributions of
three HSP components: the dispersion 𝛿𝐷, polar 𝛿𝑃 and hydrogen-bonding 𝛿𝐻 which arise
from nonpolar/dispersion forces in atomic level, permanent dipole-permanent dipole, and
hydrogen bonding in molecular level, respectively. Equation 4.3 associates Δ𝐻𝑚𝑖𝑥 with the
HSP components.
Δ𝐻𝑚𝑖𝑥 ∝ (𝛿𝐷,𝑠𝑜𝑙𝑣𝑒𝑛𝑡 − 𝛿𝐷,𝑓𝑙𝑎𝑘𝑒)2 +
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Good solvents for graphene are found to have HSPs of 𝛿𝐷 ≈ 18 MPa
1
2 , 𝛿𝑃 ≈ 9.3 MPa
1
2 ,
and 𝛿𝐻 ≈ 7.7 MPa
1
2 (Fig. 4.8(d)) [199]. Solvents matching surface tension and Hansen
solubility parameters [200] like N-Methyl-2-pyrrolidone (NMP), N,N-dimethylformamide
(DFM), cyclohexanone can suspend graphite without stabilization agents [199]. Despite
commonly used NMP satisfies this selection criteria, NMP is toxic and has a high boiling
point (204 ∘C), additionally its high surface tensions (40.79 mN m−1) hinder adhesion on
Si/SiO2 and Si3N4 substrates used for the CMOS-fabricated devices. Cyclohexanone (with
𝛿𝐷 ≈ 19.6 MPa
1
2 , 𝛿𝑃 ≈ 17.8 MPa
1
2 , 𝛿𝐻 ≈ 6.3 MPa
1
2 ) is more advantageous than NMP, due
to its lower boiling point (155.7 ∘C) which offers faster evaporation, as well as its low surface
tension (34.4 mN m−1) which leads to better wetting.
Ref [63] has demonstrated the first printed graphene transistor with an electron mobility
of 95 cm2 V−1 s−1 using graphene inks in a pure NMP solvent. The printed morphologies
on different substrates are displayed in Fig. 4.9(a).
Fig. 4.9 Inkjet printing of 2D material inks: (a) Inkjet-printed droplets of graphene NMP ink
on (top row) Si/SiO2 treated with O2 plasma, untreated Si/SiO2, Si/SiO2 treated with HMDS,
and (bottom row) paper, respectively. Adapted from [63]. (b) Inkjet-printed graphene pattern
on paper, scale bar 5 cm. Adapted from [201]. (c) A single inkjet-printed graphene/EC line
(inset) droplet of graphene; scale bar 10 𝜇m. Adapted from [202]. (d) An AFM image of a
single line after 10 printing passes. (e) Cross-sectional profiles of printed lines after 1, 3 and
10 passes.
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On the other hand, alcoholic solvents are demanding due to their environmental friendli-
ness, rapid drying, and excellent substrate wetting properties due to their low surface tension
(𝛾 ≈ 20 mN m−1). These properties make them favorable for manufacture processes [182].
However, they are unable to exfoliate and stabilize pristine graphene and other 2D crystals
due to strong mismatch of Hansen solubility parameters [198].
Addition of polymers
Vehicle of pure alcoholic solvents is insufficient for maintaining stable graphene-MOx dis-
persions for inkjet printing. Incorporating surfactants or stabilization agents is a widely
used approach to formulating high concentration functional inks [203, 197] while improv-
ing their wetting and jetting properties [204, 205]. Stabilizing polymers have been shown
to contribute significant enhancements in exfoliation of graphite in alcoholic solvents [203]
or water [201]. Fig. 4.9(b) demonstrates an inkjet-printed graphene pattern on paper using
water-based inks with a water soluble polymer [201].
Ethylcellulose (EC) is a commonly used polymer that is suitable for printing. First of all,
it is a highly effective polymer stabilizer that prevents dispersed pigments from sedimentation
and re-aggregation. It produces a stable and viscous solution in a variety of solvent. It has
been used as a stabilizer which sustains graphene dispersions at concentrations up to 80
mg mL−1 [202]. Moreover, EC serves as a binder that mitigates the coffee-ring effect, as
well as to adhere substrate with metal electrodes which is essential to the functioning of the
device [202]. Fig. 4.9(c) demonstrates the uniformity of the printed features using graphene-
EC formulation. Fig. 4.9(d,e) further support a spatially uniform deposition of graphene,
with a reliable increase in thickness after multiple printing passes.
In Chapter 6, 7, I incorporate polyvinylpyrrolidone (PVP) into graphite suspension dur-
ing UALPE. PVP is a commonly used polymer containing N-substituted pyrrolidone rings
similar to NMP structure. PVP can readily adsorb onto graphite surface [206, 207], subse-
quently stabilize exfoliated flakes through steric hindrance [208, 209], forming nanosheet-
polymer composite dispersions [210]. PVP is also used for the production of stable and
homogeneous dispersion of MOx NPs [211, 212]. In addition, it can act as an ink binder and
a rheology modifier [213, 204] to improve wetting and jetting properties of the inkjet inks
[63].
Although PVP improves exfoliation and stabilization of the ink, it is an insulating poly-
mer and is detrimental to the functionality of the graphene-MOx sensing layer. PVP is there-
fore suggested to be decomposed through annealing at 400 ∘C for 30 min [214, 215] in Ar
atmosphere.
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4.3.3 Jetting properties
Stable ink droplets generation during inkjet printing is crucial for high quality printed films.
The printability of the ink can be predicted with inverse Ohnesorge number
𝑍 = √𝛾𝑖𝑛𝑘𝜌𝐷/𝜂 (4.4)
where 𝜂 is viscosity, 𝜌 is density, and 𝐷 is nozzle diameter. This figure of merit (FOM) is
a measure of the conditions of the droplet formation process after ejection from the nozzle.
The terminating conditions are associated with the reproducibility and reliability of printed
patterns. Therefore, FOM serves as a guideline to the optimization of ink formulation. As
a rule of thumb, studies [63, 216] have suggested that stable jetting (Fig. 4.10(b)) satisfies
𝑍 of 1-14 to avoid formation of long filament or secondary/satellite droplets as observed in
Fig. 4.10(a,c). The printing stability is also related to the flakes’ lateral size. A sufficient
condition is that their dimension should be at least 1/20 of the nozzle diameter.









Fig. 5.8 (a) High-speed micrographs of three jetted droplets at different jetting stages, showing
elongated ligaments break up into satellite droplets. Reproduced with permission from Ref. [39],
Copyright (2008) IOP Science. High-speed micrographs of droplet jetting sequence for (b) stable
jetting when Z is 2.2, and (c) jetting with satellite droplets when Z is 17.3. Reprinted with
permission from Ref. [40]. Copyright (2009) American Chemical Society
5.2.1 Inkjet Printing Principles
Stable Droplet Formation and Jetting
A key requirement of DOD is the generation of stable droplets. DOD requires the
formation of a single droplet and successful jetting under each electrical impulse
without the formation of satellite droplets or secondary droplets, as shown in
Fig. 5.8. Unstable jetting may lead to deviation from the droplet jetting trajectory
or even deposition onto untargeted areas [9, 19, 21, 22, 26, 27, 40].
Stable droplet formation can theoretically be predicted by the Ohnesorge (Oh)










Fig. 4.10 (a) High-speed micrographs of three jetted droplets at different jetting stages, show-
ing elongated ligaments break up into satellite droplets. High-speed micrographs of droplet
jetting sequence for (b) stable jetting when 𝑍 is 2.2, and (c) jetting with satellite droplets
when 𝑍 is > 14. Adapted from [217].
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4.3.4 Coffee ring effect and suppression approaches
Ring-like deposition of solutes or suspended particles during drying (known as the coffee-
ring effect) is commonly seen in many mono alcoholic solvent-based inks [190, 218]. The
droplet drying process in a mono alcoholic system is illustrated in Fig. 4.11(a). As for a
relatively low boiling point solvent (≤ 100 ∘C), the larger surface-area-to-volume ratio and
thus faster evaporation rate at the droplet edges results in an apparent dominance of capil-
lary edgeward flow [190, 218], carrying dispersed materials towards the edges, leaving little
materials in the interior and a ring-like contact line after drying.
Fig. 4.11 Droplet drying process (a) without and (b) with a recirculating Marangoni flow
induced to prevent coffee ring effect. (c) Microscopic images of the dried droplets: NMP
dispersion, the BP-IPA (after solvent exchange), and the BP ink on Si/SiO2, from top to
bottom. Adapted from [58].
In order to suppress the coffee ring effect, there have been attempts to incorporate surfac-
tants into the ink formulation to achieve spatially uniform printing [195]. However, surfac-
tants are generally detrimental for electronics applications and are difficult to remove. Our
work in Ref [58] presents a binary solvent strategy in the ink formulation, and demonstrates
excellent spatial uniformity and consistency across inkjet printed BP flakes. The authors
employ a binary alcohol mixture based ink formulation strategy with 90 vol.% isopropyl al-
cohol (IPA) and 10 vol.% 2-butanol composition [58, 59]. This formulation (surface tension
𝛾𝑖𝑛𝑘 = 31.12 mN m−1) allows deformation of the ink droplet and counteracts the capillary
flow during drying, while keeping the surface tension low enough for good wetting of the
substrate for my research: Si3N4 𝜇HP membrane (surface energy 𝛾𝑠𝑢𝑏 ≈ 40 mN m−1 [219]).
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It is suggested that the suppression of the coffee-ring effect is through the introduction of
a composition variation where higher proportions of faster evaporating solvent (IPA, boiling
point: 82.3 ∘C) is distributed around the center and slower evaporating solvent (2-butanol,
boiling point: 100 ∘C) around the edges [220, 221]. These localized variations result in
temperature gradients during vaporization and thus creating surface tension gradients within
the droplet [220–223], inducing recirculating Marangoni flows which redistribute part of the
dispersed materials back to the center, leading to a uniform materials coverage. The droplet
drying process in a binary alcoholic solvent system is illustrated in Fig. 4.11(b) with printed
droplet in Fig. 4.11(c).
The suppression of coffee-ring effect is essential to producing uniform printed morpholo-
gies which translate to consistencies in device-to-device performances in sensors. The ap-
proach using binary alcoholic solvents may serve as a practical production method that elim-
inates the use of surfactants which are detrimental for electrical conduction.
4.3.5 Droplet impact and spreading
The contents in this section consist of my original work [181] based on the pioneer study
in Ref [224]. For the formulated inks with a typical surface tension of ≈30 mN m−1, a
viscosity of 2 mPa s and a density of 0.8 g cm−3 and thus a 𝑍 value of 10, the impingement
of a droplet onto a predefined pattern needs to be controlled in a way that it does not cause
neither overspreading nor insufficient merging [224]. Fig. 4.12(a) schematically illustrates a
droplet impinging onto a printed line with different droplet spacing 𝑑′. The droplet radius 𝑟
varies with substrate temperatures, as shown in Fig. 4.13(b). Assuming a track of ink droplets
with volume 𝑉𝑑𝑟𝑜𝑝 is printed in an ideal case, the droplets then merge and form a line with
uniform edges. Before solvent evaporation, the droplet has a spherical-cap geometry with a
radius of 𝑟′, while the line has a cylindrical-cap geometry with a radius of 𝑅′. The scenario





where 𝑔(𝑟′) is the volume correction function. 𝑔(𝑟′) depends on several factors, including
drop fluid, momentum, and size. Note that 𝑔(𝑟′) is expected to be very small when the droplet
wets the substrate well. On the other hand, 𝑔(𝑟′) approaches 1 for contact angles close to
180o. If 𝑑′ is optimal, the impingement is then ideal such that the droplet extends the line
by 𝑑′ while the radius of the line remains 𝑅′. Whereas, the scenario for cylindrical-cap can
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where 𝑓(𝜃) is the volume correction factor for cylindrical-cap. Therefore, the relationship







In addition, the impinging distance from the droplet to the end of the line (defined herein as
the ‘bead’) is:
𝐷′ = 𝑑′ − 𝑅′ (4.8)









The morphologies of the printed patterns are governed by the droplet impinging behavior,
which is essentially defined by the above parameters. As depicted in Fig. 4.12(b), when 𝑑′ is
excessively small: 𝑑′ < 𝑅′, i.e. 𝐷′ < 0, the droplet lands on the bead of the line and expands
around the bead rather than creating its own contact line, forming ‘stacked coins’ or ‘bulged’
line morphologies. However, when 𝑑′ is large: 2𝑅′ < 𝑑′ < 2𝑟′, i.e. 𝐷′ > 𝑅′, the impinging
of the droplet with the bead is restrained, forming ‘scalloped’ lines. For excessively large
𝑑′: 𝑑′ > 2𝑟′, the droplet does not impinge onto the line, forming ‘isolated droplets’. For 𝑑′
values between the bulged and scalloped scenarios (i.e. 0 < 𝐷′ < 𝑅′), the droplet impinges
onto the bead and forms contact line with uniform edges. Varying 𝑑′ for the 2D ink on
Si/SiO2 produces vastly different morphologies, varying from stacked coins to uniform lines
and eventually to isolated droplets, as displayed in Fig. 4.13(a).
Using the empirically obtained parameters (𝑟′ = 34 𝜇m, 𝑅′ = 38 𝜇m, 𝑑′ = 35 𝜇m)
and 𝑉𝑑𝑟𝑜𝑝 of 10 pL (defined by the ink cartridge), the correction factors 𝑓(𝜃) and 𝑔(𝑟′) in
Equation 4.6 and 4.5 are determined, giving 𝑓(𝜃)/𝑔(𝑟′) as 0.96. The normalised 𝑅′ and 𝐷′
values as a function of normalized 𝑑′ are therefore plotted in Fig. 4.12(c). Considering the
above boundary condition for uniform line edges, 0 < 𝐷′ < 𝑅′, this suggests that the printed
morphology with uniform line edges can be found when 𝑑′ = 𝑟′ is 1.1-1.7. Fig. 4.13(a,b)
present respective printed lines of the 2D ink on untreated Si/SiO2 with single print repetition
with variable 𝑑′ and varied 𝑟′. I also define the edge roughness as (𝐿𝑎–𝐿𝑏)/2, where 𝐿𝑎 and
𝐿𝑏 are the maximum and minimum width of a printed line.
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respectively. Supplementary Fig. 8h replots the bulged line defined at 25 µm, where the maximal width L1 is ∼119 µm and the
minimal width L2 is ∼108 µm. The roughness therefore is calculated as (L1 – L2) / 2 = (119 – 108) / 2 µm = 5.5 µm. For the
scalloped line defined at 55 µm in Supplementary Fig. 8i, L3 and L4 are ∼78 µm and ∼62 µm, respectively. The roughness is
calculated as (L3 – L4) / 2 = (78 – 62) / 2 µm = 8 µm.
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Supplementary Figure 8. (a) Ink droplet jetting sequence, observed through the printer stroboscopic camera. (b) Radius
(r′) of dried 2H-MoS2 ink droplets on untreated Si/SiO2 with respect to the substrate temperature. (c) Schematic figure with top
view showing a droplet of a radius of r deposited to a defined cylindrical-cap line of a radius of R′ with a droplet spacing of d′.
(d) Schematic figures showing printed morphologies defined at varied droplet spacings. (e) Dimensionless R′ versus d′ plot
predicting that printed morphology with uniform line edges is achieved when d′ is 1.1-1.7 of r′. Photographs of typical printed
lines with single print repetition under (f) varied d′, r′ is 34 µm, and (g) varied r′, d′ is 85 µm. Printed lines on untreated
Si/SiO2 with d′ of (h) 25 µm and (i) 55 µm, r′ is 34 µm.
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Fig. 4.12 (a) Schematic figure with top view showing a droplet deposited to a defined
cylindrical-cap line of a radius of 𝑅′ with a droplet spacing of 𝑑′. (b) Schematic figures
showing printed morphologies defined at varied droplet spacings. (c) Dimensionless 𝑅′
versus 𝑑′ plot predicting that printed morphology with uniform line edges is achieved when
𝑑′ is 1.1-1.7 of 𝑟′. Adapted from [181].
respectively. Supplementary Fig. 8h replots the bulged line defined at 25 µm, where the maximal width L1 is ∼119 µm and the
minimal width L2 is ∼108 µm. The roughness therefore is calculated as (L1 – L2) / 2 = (119 – 108) / 2 µm = 5.5 µm. For the
scalloped line defined at 55 µm in Supplementary Fig. 8i, L3 and L4 are ∼78 µm and ∼62 µm, respectively. The roughness is
calculated as (L3 – L4) / 2 = (78 – 62) / 2 µm = 8 µm.
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Supplementary Figure 8. (a) Ink droplet jetting sequence, observed through the printer stroboscopic camera. (b) Radius
(r′) of dried 2H-MoS2 ink droplets on untreated Si/SiO2 with respect to the substrate temperature. (c) Schematic figure with top
view showing a droplet of a radius of r deposited to a defined cylindrical-cap line of a radius of R′ with a droplet spacing of d′.
(d) Schematic figures showing printed morphologies defined at varied droplet spacings. (e) Dimensionless R′ versus d′ plot
predicting that printed morphology with uniform line edges is achieved when d′ is 1.1-1.7 of r′. Photographs of typical printed
lines with single print repetition under (f) varied d′, r′ is 34 µm, and (g) varied r′, d′ is 85 µm. Printed lines on untreated
Si/SiO2 with d′ of (h) 25 µm and (i) 55 µm, r′ is 34 µm.
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Fig. 4.13 Photographs of typical printed lines with single print repetition under (a) varied 𝑑′
with fixed 𝑟′ = 34𝜇m; (b) varied 𝑟′ with fixed 𝑑′ = 85𝜇m. Adapted from [181].
4.3.6 Modelling of inkjet morphology
Based on the model presented in the previous section, I have developed a MATLAB program
to simulate the printed morphology (i.e. uniform, scalloping, bead separation, and isolated
drops) according to the printing parameters (eg. drop spacing, diameter, and temperature)
determined experimentally. The program offers a tool for predicting the printed morpholo-
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gies from a set of printing parameters. This program can serve as a guideline for optimization
of printing design for my experimental work.
Simulation procedures
The inputs are the average linewidths of printed patterns at different drop spacing and sub-
strate temperature.
1. Find 𝑉𝑑𝑟𝑜𝑝 from the camera of the printer.
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4.6463 6.9411 5.7378 6.1881 7.8058 9.3055 10.6633
5.9562 8.8104 9.4127 11.1051 13.3885 14.3056 17.2568
6.9034 7.5446 9.5277 10.9077 12.5025 14.4685 17.2554
7.9333 9.5879 12.0332 13.7519 17.2833 16.1987 20.2661
7.8544 10.2407 11.2801 15.1871 16.6725 15.9043 20.3572
9.3717 9.9497 14.1526 15.6134 16.4284 22.9229 26.3356
9.7858 12.4397 14.8472 14.8472 19.0939 20.9081 29.6502
9.8806 9.8806 16.4091 17.6844 18.8117 20.3741 𝑁𝑎𝑁
9.6086 12.5816 15.3878 20.5725 𝑁𝑎𝑁 𝑁𝑎𝑁 𝑁𝑎𝑁
𝑁𝑎𝑁 14.6019 𝑁𝑎𝑁 𝑁𝑎𝑁 𝑁𝑎𝑁 𝑁𝑎𝑁 𝑁𝑎𝑁


















where each row representing 𝑑′ from 15 to 115 𝜇m with 10 𝜇m step; each colomn
representing temperature from 30 to 60 ∘C with 5 ∘C step.
3. Obtain average 𝜃 for uniform print and hence compute optimal 𝑓(𝜃).
4. From temperature versus diameter relationships, find 𝑔(𝑟′) based on Equation 4.5.
5. Determine boundary conditions by equating 𝐷′ with 𝑅′ and 𝑟′ combinations based
on
𝐷′
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where 𝑦 = 𝑑
′
𝑟′ .
6. Compute 𝑦 matrix and compare them with experimental findings 𝑦𝑒𝑥𝑝.
The computed 𝑦 that determines the boundary conditions for each printed morphology.
𝑦𝑢𝑛𝑖𝑓𝑜𝑟𝑚 = [1.2167 1.2695 1.3613 1.2640 1.2839 1.2543 1.3493]
𝑦𝑠𝑐𝑎𝑙𝑙𝑜𝑝 = [1.6946 1.7188 1.7593 1.7163 1.7253 1.7119 1.7541]
𝑦𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 = [2.2206 2.2523 2.3053 2.2490 2.2608 2.2433 2.2985]



















0.3061 0.3125 0.3333 0.3448 0.3614 0.3750 0.4054
0.5102 0.5208 0.5556 0.5747 0.6024 0.6250 0.6757
0.7143 0.7292 0.7778 0.8046 0.8434 0.8750 0.9459
0.9184 0.9375 1.0000 1.0345 1.0843 1.1250 1.2162
1.1224 1.1458 1.2222 1.2644 1.3253 1.3750 1.4865
1.3265 1.3542 1.4444 1.4943 1.5663 1.6250 1.7568
1.5306 1.5625 1.6667 1.7241 1.8072 1.8750 2.0270
1.7347 1.7708 1.8889 1.9540 2.0482 2.1250 2.2973
1.9388 1.9792 2.1111 2.1839 2.2892 2.3750 2.5676
2.1429 2.1875 2.3333 2.4138 2.5301 2.6250 2.8378


















Fig. 4.14 shows the mapping of simulated boundaries onto the experimental data. The
shaded light green, light brown, and light red regions indicate the experimental results of
uniform, scalloped, and isolated printed morphologies, respectively. The green, brown, and
red solid lines indicate the simulated boundaries for uniform, scalloped, isolated printed
morphologies, respectively. As it can be seen, different classes of printed morphologies are
predicted based on the different printing parameters.
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Temp d' min max rough Temp d' min max rough Temp d' min max rough
15 290 308 9 15 242 247 2.5 15 263 275 6
25 200 209 4.5 25 160 176 8 25 155 170 7.5
35 153 168 7.5 35 147 160 6.5 35 130 143 6.5
45 132 132 0 45 120 120 0 45 107 107 0
55 120 120 0 55 105 105 0 55 100 100 0
65 101 101 0 65 98 98 0 65 82 82 0
75 92 92 0 75 70 93 11.5 75 67 82 7.5
85 73 99 13 85 66 106 20 85 53 80 13.5
95 60 105 22.5 95 50 94 22 95 44 86 21
105 0 102 51 105 30 97 33.5 105 0 90 45
115 0 98 49 115 0 96 48 115 0 90 45
15 256 262 3 15 227 234 3.5 15 208 214 3
25 143 156 6.5 25 130 142 6 25 120 143 11.5
35 120 135 7.5 35 108 130 11 35 104 117 6.5
45 100 100 0 45 89 89 0 45 92 92 0
55 86 86 0 55 82 82 0 55 84 84 0
65 78 78 0 65 76 76 0 65 64 64 0
75 64 85 10.5 75 54 77 11.5 75 54 71 8.5
85 44 84 20 85 50 74 12 85 44 75 15.5
95 27 85 29 95 0 83 41.5 95 0 80 40
105 0 87 43.5 105 0 83 41.5 105 0 80 40
115 0 87 43.5 115 0 83 41.5 115 0 80 40
15 196 198 1
25 114 125 5.5
35 101 101 0
45 82 82 0
55 74 74 0
65 47 72 12.5
75 40 64 12
85 0 74 37
95 0 74 37
105 0 74 37








Fig. 4.14 Simulated boundary conditions mapped onto printed morphologies. Roughness
(rough) is defined as (max − min)/2.
4.4 Summary
This section discusses the optimization approaches for delivering stable ink formulations that
are capable of depositing spatially uniform printed morphology desirable for reproducible
sensing devices. The approaches discussed focus on the optimization of solvent/polymer
system which influences the dispersibility and rheological properties of inks and the dynam-
ics during the droplet drying process. Moreover, based on droplet impact and spreading
mechanisms, a model has been developed to optimize the printed morphology through tun-
ing of the printing parameters. Furthermore, the suppresion of coffee-ring effect has been
investigated to be employed in my ink formulation.
Chapter 5
Signal Transformation, Processing and
Algorithmic Approaches
In the previous chapter, I discussed the methods for fabricating printed devices. Inkjet in-
tegration onto CMOS platform is considered a promising route for scalable fabrication ap-
proach. The fabricated device requires effective and reliable electrical measurement and
signal processing protocols to convey the information incurred during the sensing events. In
this chapter, I detail the signal transformation protocols and algorithms that are employed
throughout the rest of the experimental chapters. First, I introduce the CMOS platform ar-
chitecture used in my research. Next, I introduce the measurement setup including the gas
characterization system, the electronics configurations, and the approaches for conducting
electrical measurements. In the analyte classification section (Section 5.3), I discuss the
computational approaches including signal pre-processing and cluster analysis techniques
to address the common issue of cross-analyte interference. Finally, Section 5.4 presents an
IoT implementation I develop using commercial sensors. This section is part of the CAPA
Acorn project.
All the contents of this Chapter are my original work, apart from the measurement setup
in Section 5.2 which involves collaboration with Andrea De Luca and Abdul Alzahrani. I
thank Andrea for the technical support on the design of the measurement setup. I thank
Abdul for the assistance on the PCB design.
5.1 CMOS device platform
The CMOS platform architecture used in my research is represented in Fig. 5.1(a). The
structure consists of an embedded, 0.3 𝜇m thick, resistive tungsten microheater, 0.3 𝜇m thick
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heat spreader plate, and a top gold layer for interdigitated sensing electrodes. I fabricate
inkjet-integrated CMOS sensors by deposition of inks onto the IDEs consisting of 5 𝜇m
finger width and gap, summing to 250 𝜇m in diameter.
Fig. 5.1 (a) Cross sectional view of the CMOS 𝜇HP platform. (b) Optical micrograph of the
CMOS device. the scale bar is 200 𝜇m. Adapted from [93].
The microhotplate is formed from a circular dielectric SiO2/Si3N4 membrane, supported
on a silicon substrate onto which the microheater and electrodes are suspended. The 𝜇HP
is fabricated by silicon on insulator (SOI) CMOS process, followed by deep reactive ion
etching (DRIE) to etch away the silicon underneath the membrane, using dioxide layer as etch
stopper. This forms a 4.5 𝜇m SiO2 (4 𝜇m)/Si3N4 (0.5 𝜇m) membrane structure onto which
the microheater and electrodes are suspended. The use of SOI technology allows greater
flexibility in the design of microhotplates and also allows the sensor interface circuitry to
operate at higher temperatures [1].
The microhotplate controls the operating temperature of the sensing layer. Tungsten
heater permits high temperature operation required for MOS sensing materials. By turning
the heater on, it makes the electron transfer process and desorption of gas molecules from
the surface of MOx easier. IDEs are used to overcome high resistance resulted from MOx
materials. Au is used for the electrode due to its chemical inertness.
Suspended microhotplate allows low power consumption, rapid and accurate tempera-
ture control. The miniaturized 𝜇HP platform has an ultralow power consumption (down to
1.6 mW [1]), high thermal efficiency (0.11 mW/∘C [172]) and fast thermal response (tens
of ms [172]). The heating temperature is uniformly confined over the microheater region,
due to the buried heat spreader. The inherently low thermal mass allows for rapid heating to
high temperature (> 500 ∘C). The rapid thermal response enables sensing operation in dy-
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namic temperature-programmed modes. Temperature control enables algorithms to enhance
sensitivity, selectivity, and recovery time.
5.2 Measurement setup
5.2.1 Gas testing rig and software interface
The CMOS devices are placed in a gas testing rig which is an air-sealed stainless steel cham-
ber, as shown in Fig. 5.2. Four devices can be tested simultaneously. The devices are wire-
bonded to DIP8 test package which fits in the socket that connects to a microprocessor board.
(a) Test rig (b) Test rig chamber
Fig. 5.2 Gas characterization system setup.
The testing rig is controlled by a software interface as shown in Fig. 5.3. It turns on and
off the environmental gas and testing gas using mass flow controllers (MFCs). The pressure
is controlled at 1 atm. For controlling the concentrations of the analyte gas, 1 ppm of analyte
is produced from dilution of an analyte cylinder (BOC, 100 ppm in Ar) by balancing 5 sccm
of analyte and 500 sccm of synthetic air cylinder (BOC, zero grade air).
RH level of synthetic air is controlled by balancing dry air with an according proportion
of humid air. Humid air is produced by passing dry air into water bubbler. A commercial
humidity sensor is used for RH characterization. Annealing can be conducted in argon (Ar),
which is a noble gas. Ar annealing has shown strong evidence to reduce the concentration
of defects in MOx [225].
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Fig. 5.3 Software interface of test rig.
5.2.2 Electrical measurement
For CMOS devices
The setup for electrical measurements carried out for CMOS devices in Chapter 6, 7, 8 are
described in this section. The printed circuit board (PCB) in Fig. 5.4(b) contains a circuit
controlling the voltage on the heater and hence the temperature. It also measures the change
in resistance of the devices during adsorption and desorption gas molecules. The resistance
of sensor is evaluated by the voltage division of a series connection of pull-up resistance and
sensor, as illustrated in Fig. 5.4(a). The supply voltage is 2.5 V, 𝑅𝑝𝑢𝑙𝑙−𝑢𝑝 is selected to be
comparable to 𝑅𝑠𝑒𝑛𝑠𝑜𝑟. Multi-device readout is realized through a multiplexer followed by
A/D converter to generate output to be transmitted to PC for signal processing.
The temperature of heater embedded in CMOS device is controlled by the software inter-
face shown in Fig. 5.5, exhibiting an example of response plots under temperature modula-
tion mode (discussed in Section 6.3). There is a regular pattern in heater current and voltage,
also in the resistance of the device.
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(a) Basic circuitry (b) PCB board.
Fig. 5.4 PCB board for laboratory gas characterization.
Fig. 5.5 Software interface for controlling the board.
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For fully inkjet-printed devices
The setup for electrical measurements carried out for fully inkjet-printed devices in Chap-
ter 8 Section 8.6 is described in this section. The system design uses the Wheatstone bridge
circuit to calculate the unknown resistance value of the sensor and as a means of regulating
measuring instrument. The bridge circuit is constructed with two serial and parallel resis-
tances in between a voltage supply terminal and ground terminals as shown in Fig. 5.6(a).
When the bridge is balanced, the ground terminal produces a zero voltage difference




× 𝑅3 Where 𝑅𝑠 is the resistance of the sensor. The circuit is built with three
known resistors and one unknown resistor (the inkjet-printed sensor) that is connected in the
form of bridge. Since currents are flowing through each branch, when the value of the 𝑅𝑠
changes, the potential difference at the terminal of the instrumentation amplifier (IA) varies,
and therefore the differential output will also vary accordingly.
(a) Wheatsone bridge configuration. (b) PCB board.
Fig. 5.6 PCB board for real-world gas characterization.
The PCB and its main circuitry are shown in Fig. 5.6(b), 5.7, respectively. Wheatstone
bridge is used with a single supply, micro-power IA (INA122, Texas Instrument, TI USA).
This IA provides a low offset drift 3 𝜇V/∘C, low noise 60 nV/√Hz and low input bias current
of 25 nA. Thus this IA is capable of driving very low current, and is ideal for portable
instrumentation, data acquisition systems and bridge amplifier sensor.
The output of IA is connected to an auto-select range which can be triggered by the
microcontroller unit (MCU) (PIC18F) and select the specific resistance bridge range based
on the value of sensor resistance 𝑅𝑠. The electronic configuration is selected via software
detection, and can be switched through the multiplexer. The controlled single-pole double-
throw switch (SPDT) minimizes measurement errors by offering a low on-resistance and
low leakage (20 pA). The signal is then fed to 12-bits analog-to-digital converter (ADC) for
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digitalization and further processes. The ADC of the MCU provides 12 effective number of
bits (ENOB), which is equivalent to ≈1 mV resolution.
For compensating the environmental perturbations, the system design also incorporates
a temperature and humidity sensor, as well as a pump to control the flow of environmental
air to the sensor. The humidity sensor delivers a digital value to the MCU every 1 s through
a digital pin on the MCU. The pump is driven through a CMOS transistor and altering the
pulse width modulation (PWM) of changing due to cycle to adjust the flow rate of the air.
Two communications protocol have also been implemented in the MCU for interaction
with the end-user by sending the processed data to the PC for real-time display and data
acquisition. The first protocol is based on the universal serial bus (USB) and the second
one is universal asynchronous receiver/transmitter (UART). Fig. 5.8 shows a graphical user
interface (GUI) that is used for real-time display and data recording for further analysis.
Fig. 5.7 Circuitry for the PCB. The main building blocks of the circuitry consist of Wheat-
stone bridge, MCU, and communications.
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Fig. 5.8 Software interface for gas characterization.
5.3 Machine learning for analyte classification
In this section, I describe the machine learning techniques for discrimination of different
levels of analyte, interferant combinations in an ambient environment, using a single sensor.
The foundations of various machine learning techniques have been detailed in Section 2.4.
This section describes the two implementation steps I employ, namely signal pre-processing
and classification (with cluster analysis), according to the computation flowchart in Fig. 2.10.
5.3.1 Signal pre-processing
Signal pre-processing is essential to generate a clean dataset for analysis. Literature focusing
on steady state training methods can be inaccurate in the ambient environment due to non-
linear baseline drifts and variations in interfering species [226, 227]. I apply TM algorithm
as pre-processing steps to suppress the effects of baseline drift and thus promote repeatability
of measurements. The signals are then extracted with their transient features and trained with
PCA and cluster analysis to establish a predictive system to discriminate a combination of
analyte classes.
First, I obtain signatures of the pre-processed transient responses 𝑆𝑡 to create a pattern
library for the dataset. Fig. 5.9 illustrates the examples of feature extraction from a complete
cycle of response under analyte exposure. The features extracted comprise (a) From expo-
nential fitting I obtain response and recovery time constants 𝜏𝑟𝑒𝑠𝑝, 𝜏𝑟𝑒𝑐𝑜𝑣, and coefficients
𝑎𝑟𝑒𝑠𝑝, 𝑎𝑟𝑒𝑐𝑜𝑣. (b) Steady state information: responsivity 𝑆, and resistance change Δ𝑅𝑟𝑒𝑠𝑝,
Δ𝑅𝑟𝑒𝑐𝑜𝑣. (c) Area of response and recovery signal under 𝑆𝑡 curve 𝐴𝑟𝑒𝑠𝑝, 𝐴𝑟𝑒𝑐𝑜𝑣. (d) Features
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from differentiated curve including timing 𝑡′𝑟𝑒𝑠𝑝, 𝑡′𝑟𝑒𝑐𝑜𝑣 and magnitude 𝑅′𝑟𝑒𝑠𝑝, 𝑅′𝑟𝑒𝑐𝑜𝑣 of the
peaks. Note that in (a), the constants for response time 𝜏𝑟𝑒𝑠𝑝 and recovery time 𝜏𝑟𝑒𝑐𝑜𝑣 are





𝑆𝑠𝑡𝑎𝑏 + 𝑎𝑟𝑒𝑠𝑝 exp(− 𝑡𝜏𝑟𝑒𝑠𝑝 ) [analyte] > 0
𝑆 + 𝑎𝑟𝑒𝑐𝑜𝑣 exp(− 𝑡𝜏𝑟𝑒𝑐𝑜𝑣 ) [analyte] = 0
(5.1)
Where 𝑆𝑠𝑡𝑎𝑏 is 𝑆𝑡 at stabilization; and responsivity 𝑆 is 𝑆𝑡 at equilibrium.


















































































Fig. 5.9 Feature extraction methods used for computational analysis. (a) exponential fitting.
(b) steady state information. (c) area under signal. (d) differentiated curve. These features
are then used for cluster analysis. See Appendix Fig. A.1 for raw data.
5.3.2 Cluster analysis
Since there is often a high degree of sensor co-linearity in electronic nose data, the majority
of the information held in the response can be displayed using a small number of princi-
pal components. This means that an n-dimensional problem can be described by a two- or
three-dimensional plot [228]. I perform PCA for dimensionality reduction of the computed
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features, and visualization of the clusters formed in low-dimensional projections. The tran-

























where 𝑓𝑛,𝑚,𝑘 is the feature element with indices m: device ID, n: measurement index, c:
group, k: variable. 𝑓 and 𝑓 denote the parameters obtained at adsorption and desorption
phase, respectively.
Cluster analysis is conducted subsequent to the PCA transform. Fig. 5.10 demonstrates
an example of cluster visualization using naive Bayes, decision tree, LDA, and kNN clas-
sifiers. The accuracy of the prediction can be determined by projecting untrained cross-
validation dataset onto the predicted cluster and calculate the rate of misclassified data points.
Fig. 5.10 Output of various classification algorithms.
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5.4 Internet of things (IoT) implementation
In this section, I demonstrate a distributed wireless network consisting of multiple com-
mercial sensors that could potentially be used for remote monitoring of local air quality in
real-time. I developed this platform in my second year as part of the CAPA award in parallel
to my research, with the aim of incorporating the sensors at the end of my PhD. Fig. 5.11
illustrates the deployment configuration of the IoT architecture consisting of sensor nodes,
network layer, and the cloud. The sensor nodes deployed continuously stream the measure-
ments using WiFi via the gateway to the server, to perform data analysis and storage. The
application programming interface (API) developed then allows users to collect and manage
the data from web applications.
The platform operates in such a way that multiple sensor platform networks are placed
at distinct locations, and therefore the spatial mapping of different hazardous gases across
certain area indoor and outdoor can be visualized with their mobile phone. Stakeholders can
receive timely warnings on any toxic and combustible gases such as CO, VOC presented
indoors, so they can respond accordingly. Moreover, residents in metropolitan cities can vi-
sualize the levels of urban pollutant including NO2, CO and particle matter (PM) at different
locations on the map.
Fig. 5.11 Illustration of the spatial deployment of my IoT architecture.
The main health effects of air pollutants are summarized as follows. NO2 will irritate
our respiratory system, increasing the symptoms of those suffering from lung diseases and
asthma. CO will lead to shortness of breath, dizziness, and death. Whereas the level of
analyte can inflate the lining of the lungs and reduces the immunity to infections like cold,
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cough, flu, and bronchitis. Furthermore, PM is a mixture of solid particles, chemicals (sul-
fates, nitrates, and other) and liquid droplets in the air. PM is divided into PM10 and PM2.5
depending on particle diameter. Fine particles can be carried deep into the lungs where they
can cause inflammation, difficulty in breathing and even heart diseases, strokes, cancer.
5.4.1 IoT architecture
From the IoT architecture’s perspective, the sensor layer is used to identify, sense and con-
trol the various state information of the end objects, and then transmit this information to the
network layer through low-power, low-bandwidth sensing network communication module.
Local area network (LAN) is usually used for these wireless sensors. The mainstream wire-
less network standards for IoT devices include RFID, ZigBee, Bluetooth, Wi-Fi, etc. The
data is transmitted to the gateway via the antenna of the sensor platform then the wireless
access point (AP). The signal is intervened through the gateway, and passed to the network
layer. The gateway acts as a data bridge between the sensor network and the data center or
cloud.
The application layer is responsible for storing and using the data received depending on
the specific needs of the application. When the end object transmits the sensor information
through the network to the top of the application layer, this system can connect individual
data into a network of information, to perform analytical operations and automatic processing
for specific events.
5.4.2 The sensor platform
The platform I develop can be decomposed into the following components.
(a) Hardware: The prototype is demonstrated in Fig. 5.12. The sensor platform is im-
plemented on Arduino board where the sensors are connected through inter-integrated circuit
(I2C) communication. The commerical sensors used include MiCS-6814 which is capable
to detect CO, NO2, ethanol, H2, NH3, methane (CH4), propane (C3H8); along with Grove
PM sensor, and Grove global positioning system (GPS) module.
The output signal from each calibrated sensor is passed through a smoothing filter, am-
plifier, and then converge to a multiplexer to be processed by the microcontroller. The MCU
is then interfaced with Arduino IDE programmed in C++.
Power is supplied through external battery switches to control the operations including
sensor heat up, signal amplification and readout. To enable better power management for
energy saving, the use of interruption control frees the MCU from having to control sensors
all the time and set alarms to wake up to capture sensor values.
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Fig. 5.12 Image of the prototype I develop. The icons indicate the functionalities of each
component.
(b) Communications: The data transmission is accomplished by WiFi, Bluetooth mod-
ules which are connected through UART protocol and controlled by the multiplexer. The
Raspberry Pi gateway connects the sensor network to the server via these wireless protocols.
Socket programming is developed to transfer data across the network. The data received by
the server is stored in the sensor memory, which can then be managed.
Realtime sensing data (including temperature, humidity, NH3, CO, NO2, C3H8) is streamed
to the cloud. The live sensor data is displayed in the web server hosted at ThingSpeakTM, as
shown in Fig. 5.13.
(c) Analytics: The data from individual sensors is analyzed to compute air quality index
(AQI). In summary, the platform delivers the following features:
• Portable: The unit can be placed both indoors and outdoors for detection.
• Wireless: Each unit is wirelessly connected with a long communication range, allow-
ing continuous upload of sensor data.
• Traceable: The unit can be traced to display the exact location in motion.
• Reconfigurable: The unit can be readily programmed to meet specific requirements.
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Fig. 5.13 Cloud-based interface showing realtime sensor data.
• Analyzable: Data collected can be sent for data analytics in cloud service.
• Accessible: Open source data that is easily accessible.
5.4.3 Field trial
Fig. 5.14 Deployment sites: 3 platforms deployed at the road, cleanroom, and office.
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Fig. 5.15 Results of the trial showing CO, NO2, C3H8, NH3 with commercial sensors.
Fig. 5.16 AQI data computed from the 3 platforms.
The platforms containing commercial sensors are deployed at three different sites, as
seen in Fig. 5.14. Platform 1 is deployed by the road and measured while the motorcycle is
riding. Platform 2 is deployed at the cleanroom. Platform 3 is deployed at the closed office.
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Fig. 5.15 displays the measurment results during a motorcycle trial carried out at the site
where Platform 1 was placed. The AQI of PM2.5, analyte, and CO in each platform have
been computed in Fig. 5.16. During the trial in a sunny condition, I turn the throttle for three
times, then release the clutch and give it a continuous throttle, then squeeze the clutch in.
Focusing on Platform 1, I observe 3 small peaks and a huge peak at the CO level, cor-
responding to the action described. There is only one large peak observed for the C3H8 and
PM2.5 levels, corresponding to the release of clutch. The response of C3H8 saturates after
responded. It can be seen that the AQI of CO at Platform 1 reaches a hazardous level at the
instance of the release of clutch. The levels of each gas at Platform 2 and 3 for the duration
of testing remain constant as expected. The CO level in the office is slightly higher than
in the cleanroom, as it is a closed and crowded environment. However, it is noted that the
values for these low-cost commercial sensors are not accurate enough.
The monitoring system is expected to send clients Twitter alerts at the instance when the
level of pollutant reaches the exposure limit. The thresholds are set to be 25 ppm for CO, 5
ppm for NO2, and 35 ppm for NH3. Fig. 5.17 shows a flowchart of realtime Twitter alert and
verifies that alerts are sent at the instances of the peaks.
Realtime Twitter Alert
Send instant alerts to Twitter when gas 
concentrations of individual platform 




Fig. 5.17 A flowchart of realtime Twitter alert.
The cloud-based analytics I develop for recognition of pollutants and particle matters
components using low-cost sensors not only has the potential for visualization of ubiquitous
spatial mappings of both metropolitan and indoor AQI, but also enables transmission of
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timely alerts while detection of toxic and combustible analytes. Furthermore, the multi-
sensor array approach can also promote the development of algorithms to compensate for
interfering effects for improvement of detection accuracy.
5.5 Summary
In this chapter, I detail the signal transformation protocols and algorithms including elec-
tronics configurations, temperature modulation technique, cluster analysis for addressing
cross-analyte interference, and IoT solutions for connected sensors networks and cloud-based
analytics. In the analyte classification section, I discuss the computational approaches in-
cluding signal pre-processing and cluster analysis techniques to address the common issue of
cross-analyte interference. Finally, I establish a distributed wireless network of sensor plat-
forms consisting of multiple gas analyte, and generate visualization mappings of air quality
index, and transmit timely alerts while the level of harzardous analyte is above threshold.
The approaches discussed in each section serve as practical tools for the implementations of
intelligent systems composed of sensors I fabricate in the following chapters.
Chapter 6
Detection of Ammonia
Increasing awareness of personal health conditions is rapidly promoting the development of
point-of-care technologies for early diagnosis of diseases. Breath analysis is an important
candidate among the various diagnostic technologies available [229, 3]. This is due to its
non-invasive approach for detecting unique chemical signatures that can be correlated with
specific diseases [229, 3]. Among the various species in exhaled breath, ammonia (NH3)
is a critical biomarker associated with a range of kidney and liver disorders [230, 3]. The
new generation NH3 diagnostic systems rely on the development of low-cost, miniaturized
devices in which semiconducting MOx are commonly utilized as the sensing layer among
chemiresistive sensors [11].
In particular, NH3 detection using ZnO/graphene hybrids demonstrate improved respon-
sivity [155]. Despite this, critical issues common to chemiresistive sensors such as long
recovery time [53–55], severe baseline drift [56, 55, 57], poor device-to-device consistency
[170], cross-analyte interference [171, 117], remain unresolved. Limited attempts based on
dynamic control of operating temperature [38, 172–174] have not been sufficiently effective
to resolve the issues [172], and they lack systematic and quantitative experimental support
[172, 38]. This has inhibited a satisfactory understanding of the underlying mechanisms and
their interplay. The aforementioned challenges all hinder diagnostic applications [3] and
can not be easily addressed through the sensing material alone [229, 3]. Instead, a holistic
solution is necessary to realise devices suitable for personal healthcare monitoring.
In this chapter, I present a graphene-MOx hybrid sensing material that is integrated onto
a (1×1 mm) CMOS 𝜇HP platform supplied by Prof. Florin Udrea’s group. The miniatur-
ized device platform is tailored using inkjet deposition as a high-precision, material-efficient
and scalable technique to produce thin and uniform sensing layers suitable for rapid and
consistent detection. I address the shortcomings from previous studies on high power con-
sumption/operating temperatures, long recovery time and baseline drifts by optimizing the
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sensing material and ink formulation, together with the development of a temperature mod-
ulation strategy and measurement algorithms.
Using stage-by-stage temporal analysis, I establish comprehensive quantitative studies
on temperature-dependent mechanisms for the material system to develop applicable algo-
rithms, leading to enhanced sensing performances and reproducibility. Additionally, my
approach of using inkjet deposition offers excellent device-to-device consistency, overcom-
ing a common drawback of the majority of the other studies.
The contents of this Chapter are my original work and have been published [59]. I thank
Xiaoxi Zhu for the assistance on TGA, AFM, and Raman characterizations. I thank Tom
Albrow-Owen for the assistance on SEM characterizations.
6.1 Ink formulation and characterization
6.1.1 Production and formulation of graphene-MOx inks
Fig. 6.1 Illustration of graphene-ZnO ink formulation process.
The ink production process is illustrated in Fig. 6.1. The process involves exfoliation
of graphite crystals via ultrasonic-assisted liquid phase exfoliation (UALPE) into a stable
dispersion of few-layer graphene flakes. I ultrasonicate 100 mg of graphite (Sigma-Aldrich,
100 mesh flakes) with 1.5 mg PVP (Sigma-Aldrich, average molecular weight 10,000 Da)
in a mixture of 9 mL IPA and 1 mL 2-butanol for 12 h. The mixtures are sonicated for 12 h
in a 20 kHz bath sonicator at 25 ∘C, centrifugated at 4030 rpm and the top 80% of resultant
dispersion is collected.
ZnO nanopowder (Sigma-Aldrich 677450) is dispersed in IPA, 2-butanol, PVP, and son-
icated according to the above, and subsequently filtrated. Subsequently, the graphene and
ZnO dispersions are mixed according to different graphene loading and sonicated for 30 min
6.1 Ink formulation and characterization 86
to produce the final ink which is then loaded into Fujifilm Dimatix DMP-2831 inkjet printer.
With aid of the model developed in Chapter 4, the following printing parameters are set for
the printer: inter-layer delay of 60 s; drop spacing of 30 𝜇m at 55 ∘C which forms continuous
line morphology.
To suppress such non-uniform deposition, I employ a binary alcohol mixture based ink
formulation strategy with 90 vol.% IPA and 10 vol.% 2-butanol composition to the final ink
[58, 186]. This formulation (surface tension 𝛾𝑖𝑛𝑘 = 31.12 mN m−1) allows deformation of
the ink droplet and counteracts the capillary flow during drying, while keeping the surface
tension low enough for good wetting of the silicon nitride substrate (Si3N4 𝜇HP membrane,
surface energy 𝛾𝑠𝑢𝑏 ≈ 40 mN m−1) [219].
Ink concentrations. The effective concentrations of the inks produced can be charac-
terized by thermogravimetric analysis (TGA). The TGA plots of ZnO ink and graphene ink,
before mixing together to form ZnO-graphene hybrid ink, are shown in Fig. 6.2. These plots
are used to determine the concentrations of inks, by multiplication of weight percentage by
the density of the IPA/2-butanol solvent mixture (𝜌 ≈ 0.8 g cm−3).
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Fig. 6.2 TGA of pre-mixed (a) ZnO ink (b) graphene ink.
The solvent of both inks evaporates below 80 ∘C. In the ZnO ink, the decrease in mass
in the temperature ranges between 200-400 ∘C indicates the concentration of PVP binder
in the ink, estimated to be 2 mg mL−1. Note that after annealing the device at above 400
∘C, only 5 wt.% (equivalent to 0.1 mg mL−1) of the initial PVP remains in the printed film.
This is discussed later. The ZnO concentration is estimated to be 26 mg mL−1, based on
residual mass at > 600 ∘C. In the graphene ink, the effective concentration is estimated to
be 1.2 mg mL−1, based on residual mass at > 400 ∘C; whereas PVP content is too low to be
measured. The value has been estimated to be 3.8 × 10−3 mg mL−1 according to Ref [93].
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The prepared dispersions are sonicated together to obtain a homogeneous and stable ink.
By mixing ZnO and graphene dispersions at different ratios, I formulate three graphene-
ZnO inks with different graphene loadings (0%: pure ZnO, 3 wt.% graphene: ZG-3, 6 wt.%
graphene: ZG-6); Fig. 6.3(a). These three formulations are all assembled onto the CMOS
platform to carry out gas characterization in order to optimize the graphene loading in the
composite.
6.1.2 Characterization of inks
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Fig. 6.3 (a) Images of formulated ZnO, ZG-3wt%, ZG-6wt% inks. (b) Optical absorption
of diluted graphene, ZnO, and ZnO/graphene inks. (c) Jetting sequence of ZnO/graphene
inks, showing rheological properties on the right. (d) Change in contact angle over drying
process.
Absorption spectrum. Fig. 6.3(b) shows the optical absorption spectrum of diluted
graphene, ZnO, and ZnO/graphene inks, respectively. The spectra identify the characteristics
peaks of graphene [63] and ZnO NPs [231], where the peaks are located at 270 nm and 360
nm, respectively. The incorporation of graphene into ZnO ink does not shift the peaks in
liquid phase, but lowers the concentration of dispersion, leading to a reduction in absorbance.
Jetting properties. For inkjet printing, stable ink drop generation is crucial for high
quality printed films. The printability of the ink can be predicted with inverse Ohnesorge
number 𝑍 from Equation 4.4 As a rule of thumb, studies [63, 216] have suggested that
stable jetting satisfies 𝑍 of 1-14 to avoid the formation of long filament or secondary/satellite
droplets.
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The rheological properties of the formulated inks are presented in Table 6.1. Taking
ZG-3 inks as an example, the rheological parameters measured are: 𝛾𝑖𝑛𝑘 = 31.12 mN m−1,
𝜂 = 2.14 mPa s at 104 s−1 (shear-thinning), 𝜌 = 0.8 g cm−3, 𝐷 = 21.5 𝜇m, giving a 𝑍 =
10.8. The inks presented in Table 6.1 have similar surface tensions 𝛾 and viscosities 𝜂 but
different densities 𝜌, leading to slightly different 𝑍 values. Despite this, all inks lie within
the optimal jetting range (𝑍 = 1-14) suitable for printing.
Ink 𝛾 (mN m−1) 𝜂 (mPa s) 𝜌 (g cm−3) 𝑍
ZnO 32.29 2.81 0.816 8.47
ZG-3 31.12 2.14 0.798 10.8
ZG-6 31.73 2.03 0.795 11.5
Table 6.1 The rheological properties of the formulated inks.
Complying with the 𝑍 estimation, all the inks exhibit similarly stable jetting and droplet
formation without generation of satellite droplets, as visualized from the jetting sequence in
Fig. 6.3(c).
Droplet drying dynamics. The drying dynamics of the ink is characterized by time-
dependent contact angle measurement for the duration of droplet drying onto a clean Si/SiO2
substrate (Fig. 6.3(d)). The initial angle is 18° which indicates a good wetting of the sub-
strate. The contact angle descends as the droplet spreads due to low surface tension, dropping
linearly after ≈ 0.6 s, until the angle saturates at close to 0°. At the same time, after ≈ 1 s, the
diameter of the droplet increases at a reduced speed, suggesting a contribution of Marangoni
flow to suppress the coffee-ring effect [58, 218]. In addition, no sudden perturbation in the
contact angle is observed during the drying process. These indicate a good wetting of the
substrate and uniformly deposited graphene/ZnO after ink drying.
Device fabrication. To fabricate the sensors, I use inkjet printing to deposit the ZnO-
graphene functional inks directly onto the Au IDEs on to the Si3N4 membrane substrate
(5 𝜇m finger width and gap; 250 𝜇m diameter) of the CMOS 𝜇HP. This process enables
automated fabrication of multiple devices at once, as schematized in Fig. 6.4(a). Fig. 6.4(b)
shows a typical example of an inkjet-printed graphene-ZnO device (ZG-3). The number of
print repetitions (20 passes) is optimized by characterizing the morphologies of printed films
with 10, 20, and 40 passes (see Appendix Section A for optimization routes). The overview
image reveals a printed pattern with high print definition and uniform material distribution.
The zoomed-in image further shows the evenly distributed graphene-ZnO NPs on top of and
in-between the IDEs.




Fig. 6.4 (a) Illustration of inkjet deposition process. (b) Microscopic image of the inkjet-
deposited CMOS sensory device.
6.1.3 Characterization of printed films
Decomposition characteristics of PVP. Although PVP improves exfoliation and stabi-
lization of the ink, it is an insulating polymer and is detrimental to the functionality of the
graphene-ZnO sensing layer. I therefore remove PVP by decomposing it through annealing
at 400 ∘C for 30 min [214, 215] using the 𝜇HP in Ar atmosphere.
The decomposition characteristics of PVP is studied as follows. First, I verify the de-
composition temperature range of PVP by TGA, as shown in Fig. 6.5(a). The temperature
at which the highest rate of change occurs is ≈400 ∘C. I then apply 400 ∘C in Ar to study the
decomposition profile as a function of annealing time (Fig. 6.5(b)). The weight of PVP drops
significantly to ≈10% of its initial weight within 30 min. It further decomposes slowly until
less than 5 wt.% (i.e. 2mg mL−1 × 5% = 0.1mg mL−1). PVP composition in the annealed
film can be estimated as:
PVP[mg mL−1]
ZnO + graphene + PVP[mg mL−1]
= 0.126 + 1.2 + 0.1 = 0.34wt.%
As verified by the TGA data, this condition selectively decomposes PVP to less than 5 wt.%
of its initial concentration, resulting in a negligible contribution (0.34 wt.% of residual) in
the annealed film.
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Fig. 6.5 TGA of PVP (a) as a function of temperature (b) as a function of annealing time.
AFM characterization. AFM characterization is conducted to measure the lateral size
and thickenss of exfoliated graphene flakes to study the physical model governing the sens-
ing mechanism. The dimensions of the graphene flakes is evaluated with statistics of AFM
characterization. The overall procedure is described as follows. I use the ScanAsystTM soft-
ware by the AFM manufacturer – Bruker, which enables flake recognition functionality with
a user-definable threshold. Once the threshold is set to allow for identification of correct
boundary of the flake, I scan through a 2×2 𝜇m area for each measurement and compute
the average lateral dimension and thickness counts for each flake in the field. 6 measure-
ments were taken and the counts from each measurement are accumulated to generate the
histograms shown in Fig. 6.6.
To perform statistical analysis, the histograms are fitted with a log-normal fit, as the
dataset follows Poisson distribution [232]. The probability distribution functions (PDF) peak
at ≈130 nm and ≈1 nm in lateral dimension and thickness, respectively. The median values
are then evaluated at the positions where the corresponding cumulative distribution functions
(CDF) equate to 0.5, resulting in median lateral size and thickness of ≈150 nm and ≈2 nm.
My findings are supported by Ref [233, 93, 234] which produce graphene flakes by LPE and
with similar formulations.
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(a) (b)
Fig. 6.6 Histogram of AFM on graphene flakes (a) lateral dimension distribution (b) thick-
ness distribution.
SEM characterization. Fig. 6.7(a) shows a set of SEM images comparing pre- and
post-annealed inkjet printed ZnO-graphene thin films. Images of graphene/ZnO films are
acquired with a high resolution Magellan 400L SEM. The field emission gun is operated at
15 kV and 10 pA gun current. A 3 nm gold (Au)/Pd coating is sputtered onto the surface to
reduce the build-up of electrons. The pre-annealed film above shows a matrix of ZnO NPs
connected through graphene and PVP polymer; whereas the post-annealed film below shows
selective decomposition of PVP. The morphology shows considerable areas of exposure to
ZnO NPs. Also, I propose that the porosity of printed film, produced by the removal of
PVP [233] improves gas diffusion capability. The SEM image also shows that the average
diameter of the ZnO NPs is ≈ 40 nm.
Raman characterization. I also carry out Raman measurements to investigate the
composition change in graphene before and after the annealing step. The measurement uses
an excitation wavelength of 514 nm with a power of 16 mW and a duration of 10 s for each
measurement point. Fig. 6.7(b) shows representative Raman spectra (out of 10 similar mea-
surements taken at random locations on the samples). The existence of few layer graphene
in the composite film is supported by the shape of the 2D peak which is located at 2720 cm−1
[175, 176]; whereas the signature of ZnO NPs is identified by the E2H peak located at 438
cm−1 [235].
The samples are further characterized by the 𝐼D/𝐼G ratios. The ratios have a small in-
crease from 0.46 to 0.59, indicating a slight defect-generation in the graphene flakes after the
annealing step. The decomposition of PVP is evident in the significant suppression of D′
peak in post-annealed film [236]. Furthermore, the tiny amount of PVP residual that could
lead to electron doping of graphene [234] is reverted (hole doping restored) as seen from the
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increase in the position of 2𝐷𝐺𝑟 peak [237] in Fig. 6.7(b). Therefore, PVP does not play an
active role in sensing.
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Fig. 6.7 (a) SEM images of printed ZnO-graphene composite films: pre-annealing on the
top, post-annealing on the bottom. (b) Raman spectra of ZG-3wt% printed films pre- and
post-annealing treatment, respectively.
6.2 Sensing mechanisms and performances
This section studies the sensing mechanisms under constant operating temperature, referred
to as the isothermal (ISO) mode. Fig. 6.8(a) illustrates the sensing mechanisms for the de-
tection of pure NH3 with graphene-ZnO composite, with the aid of band diagram associ-
ated with the adsorption of gas at the ZnO-ZnO junction and the junction between ZnO and
graphene. The bandgap alteration is established by the graphene-ZnO M-S heterojunction,
where occurence of inhomogeneous electrostatic potential is created by the van der Waals in-
teraction of graphene and MOx, allowing for the transfer of charges across the heterojunction
[238, 239].
In an inert gas environment, a relatively small potential barrier is formed at the grain
boundaries at the ZnO/ZnO interface [240]; whereas M-S Ohmic contacts are formed at
the graphene-ZnO interface[116, 57]. The gas adsorption behavior of graphene-ZnO during
NH3 exposure can be classified as follows.
Chemisorption occurring at the ZnO surface leads to increment in the potential barrier
between the ZnO NPs. The superior physisorption capability of graphene, especially at the
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defect sites and ZnO interfaces [94], contributes to the increment in the potential barrier,
resulting in an amplification of responsivity compared to that in pure ZnO. The amplification
of bandgap alteration at graphene/ZnO interface due to the higher density of adsorbed gas
molecules than at the ZnO surface is the dominating factor for responsivity enhancement
[238]. The effective conduction paths consist of a combination of ZnO NPs conduction
















Fig. 6.8 Illustration of sensing mechanisms on detection of pure NH3 with graphene-ZnO
composite in ISO mode. (a) a simplified model with a band diagram. (b) a more realistic
model.
Fig. 6.8(b) presents a more realistic physical representation that comprises multiple lay-
ers of graphene-ZnO hybrid stacking on each other, to better reflect the observed morphology
and dimensions of graphene and ZnO NPs, as well as their randomness in spatial distribu-
tions. The porous structure produced by the decomposition of PVP, coupled with the edge
defects on graphene [241] produced by the LPE processes, establish efficient gas diffusion
channels [233] towards the graphene-ZnO heterojunctions at which bandgap alteration takes
place.
As sensing in graphene/MOx system is mainly enhanced by the bandgap modulation
at the graphene/MOx interfaces [94], deposition of graphene/MOx hybrid in multiple lay-
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ers would maximize the total area of gas exposure to these heterojunctions (as opposed to
exposure to single interfacial layer) and thus enhancements in sensitivity.
Fig. 6.9 shows the temperature dependency profile of the ZG-3 sensor in isothermal
mode. When temperature increases from RT, the number of surface electrons surges due to
thermal activation, which leads to more NH3 being oxidized, and thus a surge in responsivity.
Whereas the drop in responsivity at very high operating temperatures (above 325 ∘C) may
be due to the favored desorption of NH3 molecules. The profile maximizes experimentally
at 300 ∘C, therefore I proceed my experiments with this condition.
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Fig. 6.9 ISO mode responsivity of ZG-3 device as a function of temperature. Curves are
fitted with third order polynomial. See Appendix Fig. A.4 for raw data.
The physical model aligns with the experimental observations as follows. First, pure
ZnO NPs matrix follows neck-controlling model [37] (as 𝑑 ≥ 2𝑙, where 𝑑 is diameter of
NP, 𝑙 is depletion width within individual NPs) where the conductivity is altered by 𝑙, and
is sensitive to analyte gas concentration (Fig. 6.10(a)). Second, increasing the loading of
graphene, which provides additional conduction paths between NPs, shows improvement in
electron transport as revealed in the lowered resistance value in Fig. 6.10(a).
Fig. 6.10(b) shows linear responsivity of the three ink formulations on the logarithm of
analyte concentration. The ZG-3 sample, corresponding to 3 wt.% graphene loading, shows
maximum enhancement (60% compared to that of pure ZnO) as interconnections between
graphene sheets are optimized. I note that the ZG-3 sample also presents the best repeata-
bility over testing cycles (Fig. 6.10(c)), whereas the pure ZnO sample shows distorted and
declining response. This observation indicates that graphene stabilizes the gas detection
performance in my sensing material formulation. However, significant baseline drifts along
with slow recovery time reveal incomplete recovery to the initial state after a sensing event.
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Therefore, I attempt to establish an effective operation control algorithm to stabilize and
optimize the sensing performance.
(a) (b) (c)
Fig. 6.10 (a) Resistance response at 10, 4, 2 ppm of NH3 respectively. The orange region
represents injection of NH3 in ppm. (b) Responsivity as a function of NH3 concentration
with linear fits. (c) Resistance response at 10 ppm NH3 repeated over 3 cycles.
Fig. 6.11 shows the control group using inkjet-deposited graphene devices. The mean
responsivity of the devices at 10 ppm of NH3 is 0.84% which is a negligible fraction of the
responsivity observed for ZG-3 devices (≈300%). The poor responsivity of these control
devices confirms that the synergistic effect of graphene and MOx is responsible for the high
sensitivity of the sensors.
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Fig. 6.11 Response curves for graphene device under exposure of NH3 (a) at 10 ppm for 3
cycles (b) at 10, 4, 2 ppm respectively.
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6.3 Temperature modulation (TM) technique
Limited attempts based on dynamic control of operating temperature have been applied in the
literature to improve detection limit [38], baseline drift [172], cross-selectivity [173, 174],
and power consumption of MOx and 2D material gas sensors. However, these approaches
have not been sufficiently effective to resolve the issues [172], and lack systematic and quan-
titative experimental support [172, 38]. This has inhibited a satisfactory understanding of
the underlying mechanisms and their interplay.
Harnessing the capability of rapid temperature control offered by the CMOS platform,
TM can be employed in dynamic-programmed modes. There are two categories for TM:
temperature cycling and thermal transients [242]. In the former, the heater voltage is peri-
odic and the sensor is typically under a sinusoidal waveform to give a smooth temperature
profile [242]. In the latter, it involves a step or pulse waveform in the heater voltage, and the
discriminatory information is contained in the chemical transient induced by the fast change
in temperature [243]. Thermal transient is used throughout the thesis.
6.3.1 Temperature dependency analysis
I conduct the following quantitative and qualitative analysis to establish the mechanisms
on temperature-dependent sensing behaviors of graphene/MOx NP composite. Suppose the
mechanisms of the operations of sensors are analyzed at RT and an opterating temperature
of 300 ∘C (as seen in Ref [131, 244, 59]). At RT (25 ∘C) period (Fig. 6.12(a)), exothermic
state for physisorption is maintained (Equation 2.2) while chemisorption is not activated (𝑘
in Equation 2.3 is very low at 25 ∘C). Thus, physisorption of analyte at graphene sites and
graphene/MOx NP interfaces dominates chemisorption.
From the bandgap perspective, fewer electrons are energized at low temperature (as in-
ferred from Equation 2.6) to overcome the raised barrier arising from physisorption of an-
alyte at the junctions, leading to higher resistance. Additionally, gas diffusion is also pro-
moted at this phase. 𝐷𝑘 (in Equation 2.4) at 300 ∘C is 1.39 times than that at 25 ∘C, thus
larger 𝑚 at 25 ∘C indicates higher concentrations of analyte reaching the deepest layer at the
room temperature.
As the temperature increases, gas molecules tend to desorb from the surfaces, reducing
the potential barrier Δ𝑉 , as illustrated in Fig. 6.12(b). At the same time, higher concen-
trations of electrons (Equation 2.6) are excited to pass through the lowered barrier. The
dual effects of physisorption and electron transport further lower the electrical resistance as
compared to that at low temperature. As the temperature increases above a threshold, the
chemisorption activity (associated with adsorbed oxygen ion) is activated and the resistance





















Fig. 6.12 Illustration of sensing mechanism on detection of pure analyte with graphene-MOx
NP composite at (a) low temperature (b) moderate temperature.
starts to increase. From Equation 2.3, 𝑘 at 300 ∘C is 104 times than at 25 ∘C. The chemical




8.31×573 ) ÷ exp(
−0.5eV
8.31×298 ) = 1.15 × 10
4, where 1
eV = 96485 J mol−1.
6.3.2 Temporal analysis of mechanisms
Next, I conduct a stage-by-stage temporal analysis which adapts the temperature dependency
models I propose to develop a universal tool for the optimization process. The method for op-
timization is to initiate with the lowest base temperature, preferably at RT, which consumes
the lowest power. The temperature of pulses applied is determined by the temperatures at
which optimal responsivity occurs in ISO mode (Fig. 6.10 for instance). In cases where 25
∘C base temperature fails to produce measurements within measurable range, the base tem-
perature is optimized such that the lowest available base temperature within the measurable
range producing reliable measurements is used.
In the following experiment, the 𝜇HP is electrically pulsed to generate a train of heat-
ing pulses consisting of high temperature pulse for 1 s (the 𝜇HP can reach that within 0.1
s) followed by 4 s of non-heating time. I use the temperature 325 ∘C (optimal responsiv-
ity as predicted from Fig. 6.10) pulse which is delivered by applying 23 mA to the heater.
Temperature during non-heating period (25 ∘C) is measured by the temperature sensor in the
test rig. The time series responses from measurement data can be divided into four phases:
stabilization, exposure-rise, equilibrium, and release; as presented in Fig. 6.13.
During the stabilization phase (Fig. 6.13(i)), the resistance reaches a steady state corre-
sponding to its temperature at the ambient environment. The decrease in resistance observed
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Fig. 6.13 Stage-by-stage temporal response in temperature modulation mode. The estimated
heater temperature is converted from the electric current through the heater, based upon
Ref [1].
at the instant of the 325 ∘C temperature pulse corresponds to the enhancement of electron
transport as depicted in Equation 2.6. Note that the baseline slope, referring to the line con-
necting points at nominal temperature of 25 ∘C within each heating period, is attributed to
cooling time for the devices.
During the exposure phase (Fig. 6.13(ii)), the devices are measured in the pure analyte.
Physisorption of analyte molecules is promoted and dominates the adsorption process at 25
∘C, building up the resistance. While at 325 ∘C pulse, a sharp reduction in 𝑅 is observed as
the effect of 𝑇 overrides that of increase due to adsorption. The surface chemical reaction
is also promoted at high temperature, but the response appears at the subsequent sampling
point, as the carrier transport function responses faster than the chemisorption process [34].
Overall, the increasing trends shown by both the envelopes connecting 𝑅25oC and 𝑅325oC,
respectively, indicate molecule adsorption. Moreover, the slope of the envelope indicates the
rate of adsorption corresponding to analyte concentration gradient which increases at first
and then decreases until reaching equilibrium. Additionally, the baseline slope mentioned
above also increases as the analyte is diffused to the deepest layer and being trapped at the
later sampling points in each 25 ∘C period.
When equilibrium (Fig. 6.13(iii)) is reached during continuous flow of analyte, the en-
velopes have a slope of ≈ 0, accounting for the equal rate of adsorption and desorption. Dur-
ing the release phase (Fig. 6.13(iv)) in N2 environment, desorption of analyte and byproducts
are promoted by the pulses due to reduced physisorption and increased outward diffusion
rate. The magnitude and slope of the envelope at low temperature transient drop dramat-
ically until reaching a steady state (similar to Fig. 6.13(i)), indicating gas adsorbed being
fully desorbed.
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6.3.3 Signal processing for TM mode
The data processing procedures to generate performance curves and characteristics are de-
picted in Fig. 6.14(a). Considering that the analyte (NH3) is injected for 120 s in every 520
s period. The unprocessed resistance data is shown in the shaded area. The segmented
envelopes corresponding to resistances at 25 ∘C 𝑅25oC(𝑡) and 325 ∘C 𝑅325oC(𝑡) are first
computed by extracting resistances at the end of cooling period 𝑅25oC(𝑡𝑖) and at the end
of pulse 𝑅325oC(𝑡𝑖) respectively, for the 𝑖-th period. Subsequently, the differential readout
Δ𝑅𝑡 = 𝑅25oC(𝑡) − 𝑅325oC(𝑡) is normalized by Δ𝑅0 (Δ𝑅𝑡 at stabilization) to amplify the
responses between with and without exposure to analyte, generating an output curve 𝑆𝑡 in
Fig. 6.14(b). The features are extracted based on the processed output curves thereafter.




























































Fig. 6.14 (a) Data processing procedure; orange regions indicate injection of analyte (b)
Processed response curve; (inset) responsivity as a function of concentration
6.3.4 Performances in TM mode
Fig. 6.15(a) shows a continuous 𝑆𝑡 response consisting of 9 cycles of NH3 injection with
decreasing and increasing concentration varying at steps of 10, 4, 2 ppm. NH3 is injected for
120 s for every 520 s period. The response curves of three devices measured simultaneously
all demonstrate excellent repeatability and transient stability without hysteretic behavior.
Furthermore, Fig. 6.15(b) shows a linear relationship with respect to log of concentration.
An average steady state responsivity 𝑆 of ≈ 1500% and sensitivity of 125%/ppm achieve at
10 ppm with TM mode.
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Fig. 6.15 (a) Normalized response showing repeatability at various NH3 concentrations, ex-
hibited with 3 devices. (b) Responsivity as a function of NH3 concentrations under TM
mode. See Appendix Fig. A.5 for raw data.
6.4 Comparisons between operating modes
Fig. 6.16 summarizes the comparison of performances between the TM (25/325 ∘C) and
ISO (300 ∘C) modes. First, TM mode exhibits a responsivity improvement of 494% over
ISO mode for ZG-3 at the same concentration which has a Δ𝑅 of 300%. Analysing from
the raw resistance data for TM mode (Fig. A.5) at 10 ppm exposure, I observe an average
responsivity of 607% extracting the envelop during the non-heating period, and that of 269%
for the high-temperature pulse envelop. Comparing with ISO mode (Fig. 6.9), responsivities
of 420% and 110% are observed at the corresponding estimated heater temperatures.
Second, baseline drift is significantly reduced to 0.67% per cycle (95% improvement
over ISO). Third, the repeatability of responsivity in TM mode shows 1.4% ± 0.08% of av-
erage cycle variation, representing an improvement of 70% over ISO mode. The improved
repeatability and minimized drift can be attributed to the effectiveness of regeneration of the
sensing layer due to the effective TM scheme. The average response and recovery time con-
stants are also shortened, where 𝜏𝑟𝑒𝑠 drops from 45 s (ISO) to 28 s (TM) while 𝜏𝑟𝑒𝑐 drops from
98 s (ISO) to 43 s (TM). The reduction in recovery time is attributed to the short pulses that
accelerate the desorption of physisorbed gas molecules. Additionally, stabilization time is
reduced from 60 min (ISO) to 5 min (TM), making the re-calibration process more practical.
The device-to-device responsivity variation is within 0.5% (as shown in Fig. 6.15(a)),
exhibiting good potential for mass production. The ultralow device-to-device performance
variation is also attributed to the uniformity of inkjet deposition within batch. I also note that
the TM technique dramatically reduces power consumption without compromising response.
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Fig. 6.16 Performance enhancement of TM over ISO mode. The statistics is derived from
Fig. 6.10 and 6.15.
The device consumes 6 mW at 25/325 ∘C, which is 78% more energy efficient than operation
in ISO mode at optimal temperature of 300 ∘C and 92% more energy efficient than state-of-
art commercial MOS MEMS NH3 sensor (MiCS-6814) that consumes 73 mW. Moreover,
the sensors demonstrate high SNR of > 5600, with a calculated LOD down to 16 ppb.
The calculations of SNR and LOD are expressed as follows. SNR = 2×𝐻ℎ =
2×1400
0.5 =
5600, where ℎ is peak-to-peak interval at baseline; 𝐻 is height of peak.
LOD = 3.3×𝑆𝐷𝑠𝑙𝑜𝑝𝑒 =
3.3×0.6
125 = 15.84 ppb, where 𝑆𝐷 is standard deviation (%), slope in %/ppm.
6.5 Performances in ambient environment
To proceed further towards the realization of breath analyzer, I next measure the device in
synthetic air (SA) containing the major atmospheric composition, including nitrogen, oxy-
gen, and carbon dioxide (CO2). Introduction of SA results in O–species being adsorbed
onto the NP surfaces, transforming the detection of NH3 into interactions with the adsorbed
species [240]. Adsorption of NH3, in turn, recedes the depletion region, leading to an in-
crease in conductivity according to the concentration of NH3 [240].
I characterize the responsivity of NH3 in the range of 2-10 ppm which falls into the
main interest of diagnosis of metabolic diseases. For instance, a mean of 4.88 ppm NH3
may indicate that a patient has end-state renal disease (ESRD) [245], i.e. kidney failure.
I assume a detection threshold of 2 ppm NH3, provided that 0.5-2 ppm of NH3 [246] are
present in the breath of healthy adults.
Fig. 6.17(a) shows the 𝑆𝑡 response of NH3 in SA varying at 2 ppm decreasing steps
injected for 120 s for every 520 s period. Note that employing TM 25/325 ∘C yields resistance










Fig. 6.17 Performance in air environment using TM mode. Plot using |Δ𝑅𝑡/Δ𝑅0| as y axis
(a) Normalized response showing long-term stability over 10 days in air for 5 concentra-
tions; (inset) responsivity as a function of concentration. (b) Normalized response showing
repeatability (at 10 ppm) over 7 cycles, exhibited with 3 devices. (c) Repeatability at step
concentration over 3 cycles. See Appendix Fig. A.6 for raw data.
values beyond the measurable range (i.e. > 10 MΩ). Base temperature is raised to 100 ∘C
which is the lowest temperature within the measurable range. The pulse temperature remains
at 325 ∘C. The responsitivity (inset of Fig. 6.17(a)) extracted from the steady state peaks of
𝑆𝑡 at the concentration steps shows a linear relationship with log of concentrations of NH3,
with a sensitivity of 4.2%/ppm.
Moreover, the long-term stability study shows the well alignment between initial and
measurements on 10th day with variations within 1%. The result in the performance reflects
no sign of deterioration and drifts over the period under study. Furthermore, as shown in
Fig. 6.17(b), the variations of responsivity across injection cycles and across devices at 10
ppm are only 0.41% and 1.62%, respectively. Fig. 6.17(c) further showcases the robustness
of the sensors with continuous 𝑆𝑡 consisting of 15 cycles of NH3 injection with repeated
decreasing concentration varying at 2 ppm steps. The response shows no notable hysteretic
behavior (max hysteresis of ±0.34%) and drift.
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To analyse the hysteresis behavior of the sensor in TM mode, I cycle the sensor in air
at various NH3 concentrations within 2-10 ppm range. As presented in Fig. 6.18, the black
dashed line and red solid line show the responsivities at decreasing and increasing NH3
concentrations, respectively. The results show the maximum mean hysteresis of ±0.34%
occurring at 4 ppm of NH3. Note that 𝜏𝑟𝑒𝑠 is 26.4 s and the power consumption is 12.4 mW
at the optimized TM scheme (100/325 ∘C) in SA environment. Despite increment of power,
this still represents a 56% improvement by ISO mode.
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Fig. 6.18 Hysteresis characteristics of the NH3 sensor. The characteristics is derived from
Fig 6.17(c).
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6.6 Cross-sensitivity and compensation
The major components of breath of a healthy person contain 4% of CO2 [247], 0-6 ppm of CO
[247], and < 1 ppm of VOCs including acetone, isoprene and ethanol [248]. However, MOx
sensors often interfere with these analytes. To assess the influence of humidity on sensing
performances, I characterize the response of NH3 at 10 ppm in humidified SA at 22, 35, 45,
56, 65% RH levels, as shown in Fig. 6.19(a). Please refer to Fig. 6.17 for measurements
at RH = 0%. Water vapor introduces OH– species that can be adsorbed on the surface of
sensing material, causing doping and reduction in the device responsivity.
The responsivity with respect to RH level (inset of Fig. 6.19(a)) is fitted with Boltzmann
curve (Equation 6.1) as two plateaus within the ranges of RH < 20% and RH > 45% are
clearly visualized.




where 𝑆𝑅𝐻 is responsivity under RH. Although humidity reduces responsivity inevitability,
a common phenomenon in chemiresistive sensors, my approach allows interference to be
mitigated and enables reliable characterization at high RH levels. I predict the responsivity
at 80% RH (typical value in breath) to be 21.62% based on the fit from Equation 6.1, due to
limitations in my measurement setup above 65% RH. The estimated value has only 0.04%
variation from the measured value at 65% RH.
One approach to reconstruct the true level of NH3 in humid breath is to compensate the
readings by 190% (value as if under dry air), and then refer to the relationships deduced from
the inset of Fig. 6.17(a). In addition, I note that within TM mode as long as sufficient reaction
time is attained, the measurements are invariant to analyte injection/release period. This can
be seen from the shortened analyte release period to 240 s from 400 s (from Fig. 6.17) without
compromising the response curve. This demonstrates the algorithm’s utility as a robust tool
for performance optimization.
In addition to humidity, I assess the sensitivity of ethanol and acetone which are the
common interfering gas species in exhaled breath. These species are measured at 2 ppm,
which are above maximum levels a healthy human would exhale [247, 248]. Four repeated
measurements at 2 ppm of each interferant, injected for 120 s in every 520 s period, are car-
ried for the cross-sensitivity characterization (see Appendix Fig. A.7). The cross-selectivity
data in Fig. 6.19(b) indicates relatively small amount of interference from ethanol (0.91%)
while the effect of acetone is more prominent (2.12%).
To compensate for the interference effects, I introduce a complementary acetone-selective
graphene-MOx sensor in Chapter 7 Section 7.4.
















































































Fig. 6.19 (a) Normalized response at 120/240 s NH3 exposure/release cycles varied at vari-
ous RH levels; (inset) responsivity as a function of RH levels. (b) Cross-analyte selectivity
among common interfering gas species in exhaled breath. See Appendix Fig. A.7 for raw
data.
6.7 Summary of results
I have developed an inkjet-printed graphene-MOx based sensor system that has been inte-
grated onto miniaturized CMOS compatible platforms to selectively measure ammonia, a
biomarker of kidney and liver problems, with fast and accurate performance.
I have addressed the common issue of incomplete sensor regeneration faced by conven-
tional MOx devices, through the establishment of temperature-dependent sensing mecha-
nisms involving interplays between physisorption and chemisorption, diffusive mass trans-
port, and electron transport processes via stage-by-stage temporal analysis.
Through the development of effective temperature modulation scheme, in pure NH3, I
achieve responsivity of 1500% at 10 ppm, sensitivity of 125%/ppm, significantly reduced
baseline drift, 𝜏𝑟𝑒𝑠 of 28 s, 𝜏𝑟𝑒𝑐 of 43 s, inter-device variation within 0.5%, SNR of 5600.
In synthetic air, I achieve long-term responsivity variations within 1%, inter-cycle variations
within 0.41%, showing extraordinary repeatability and device-to-device consistency with no
noticeable hysteretic behavior. Considering real-world scenarios, the sensors exhibit highly
stabilized responses under high RH level.
My strategy to combine the sensing material, inkjet printing onto CMOS MEMS plat-
form and temperature-pulsed modulation promises a robust system that outperforms con-




Acetone (C3H6O) could be used as a biomarker to diagnose diabetes [5]. Detecting acetone
level in breath has become a desirable alternative to monitor health condition. Patients with
diabetes typically exhale acetone concentrations between 1.76 and 3.73 ppm; whereas in
healthy control group, the range is between 0.22 and 0.80 ppm [7]. A variety of chemire-
sistive gas sensors have emerged due to its nature of being compact and inexpensive. High
performing sensing materials that have been used for this include InN (LOD of 0.4 ppm [31]),
𝛼-Ag2WO4 nanorods (detection range of 0.5-20 ppm [249]), SnO2 nanofibers (LOD of 100
ppb [250]), Si:WO3 (LOD of 20 ppb [111]). Among these sensors, MOx chemiresistive
sensors offer a cost-effective solution due to its facile manufacturability [33].
In this chapter, I develop a hybrid of graphene-tungsten oxide (WO3) NP functional ink
as the sensing material for acetone sensing. The composite ink is deposited onto the CMOS
platform using inkjet printing. During the development of the sensing material, I investigate
the effect of different graphene concentrations and different operational mode on the gas sen-
sor performance in terms of sensitivity and response time. This chapter includes comparison
between existing solutions, the working mechanisms, the method involved in fabricating the
gas sensor, as well as measurement results and discussions.
Substantial contents in this Chapter have been published [59]. The contents of this Chap-
ter are my original work. Part of the experimental work is carried out in collaboration with
Qinyu Zhong (a fourth year project student) under my supervision.
7.1 Ink formulation and material characterization
The ink formulation procedure is identical to that of ZnO/graphene-PVP formulation which
is presented in Section 6.1.1 except for the MOx material used in the formulation. The
overall preparation of the WO3-graphene ink involves mixing of WO3 NP ink (Sigma, 10
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mg mL−1) with graphene ink in the IPA and 2-butanol solvent mixture. The inks for WO3
and graphene are prepared separately. For the WO3 ink, the WO3 NP is dispersed in IPA-
PVP under sonication of 12 h. After sonication, the dispersion undergoes vacuum filtration
using a polytetrafluoroethylene (PTFE) membrane filter with a pore size of 0.22 𝜇m.
To prepare the graphene ink, standard UALPE process is employed to exfoliate graphene
from graphite. PVP is added as a dispersant which assists dispersing materials uniformly
within the solution. The amount is minimized to avoid blocking of the percolation path and
thus poor conductivity. The graphite-PVP suspension in IPA is placed in a bath sonicator
where micro-bubbles are generated. During the collapsion of bubbles, the energy released
breaks apart the multilayered structure of graphite. After sonication for 12 h, I obtain a so-
lution containing large amounts of macroscopic aggregates at the bottom. These aggregates
are then removed by centrifugation at 4030 rpm for 30 min [179], producing a homoge-
nous dispersion. For the graphene ink, the effective concentration of graphene and PVP are
estimated to be 1.2 mg mL−1 and 3.8 × 10−3 mg mL−1 [93], respectively. Please refer to
Section 6.1.1 for the TGA data and effective concentration calculations of the graphene ink
formulation. As graphene and WO3 NPs are both dissolved in PVP-dispersed IPA solution,
it is possible to directly mix the two inks.
Next, I redisperse both inks in the solvent mixture of IPA and 2-butanol according to
Chapter 6. I then mix the redispersed inks at different ratios to study the sensing behaviors
of composites containing graphene loadings of 0.2 wt% and 0.7 wt%, and a pure WO3 ink as
the control group. Before printing, the ink is sonicated for 0.5 h to maximize homogeneity.
The drop formation process is shown in Fig. 7.1.
Fig. 7.1 Ink droplet generation from a nozzle.
Apart from the uniformity of the ink, the number of printing passes is trade-offs between
electrical conductivity and sensing performances. Although fewer printing passes can save
material cost and production time, printing too few passes can result in poor conductivity
due to discontinuity of printed films. In contrast, excessive numbers of passes could extend
the gas diffusion process, increasing response/recovery time [38]. In this case, 20 passes
of repetitions are printed on the device. Eventually, 5 devices are made: one printed with
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pure WO3 ink, two with 0.2 wt% graphene loading and the other two with 0.7 wt% graphene
loading. They are named WG0, WG0.2-Dev1, WG0.2-Dev2, WG0.7-Dev1, and WG0.7-
Dev2, respectively. The baseline electrical resistances of the devices at various temperatures
are shown in Table 7.1.
Temperature (∘C) Resistance (kΩ)
100 31.224 ± 4.385
150 11.118 ± 3.130
200 5.648 ± 1.419
250 2.315 ± 0.290
300 1.717 ± 0.346
Table 7.1 The electrical resistances of the WO3/graphene devices at various temperatures.
Fig. 7.2(a) shows the inkjet-printed CMOS sensory device, where the printed film con-
tains 0.7 wt.% graphene loading. The device undergoes annealing at 400 ∘C (as determined
in Chapter 6) to restore device conductivity and to create porosity for gas diffusion. Raman
spectrum of composite film after annealing is shown in Fig. 7.2(b). It shows characteristics
of WO3 as seen from the peak at 272 cm−1 due to O-W-O bending and peaks at 717 cm−1
and 807 cm−1 due to O-W-O stretching [251]. Graphene characteristics is identified by the
D, G, 2𝐷𝐺𝑟 peaks.
(a) (b)
Fig. 7.2 (a) Microscopic image of inkjet-deposited WO3-graphene CMOS sensory device.
(b) Raman spectrum of WO3-graphene printed films after annealing treatment.
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Fig. 7.3 Acetone response at constant temperature of (a) 150 ∘C (b) 200 ∘C (c) 250 ∘C (d) 300
∘C for 3 cycles of 1 ppm acetone. See Appendix Fig. A.8 for raw data.
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7.2 Sensing performances
Fig. 7.3 shows the change in resistance of 5 devices simultaneously under 3 identical cycles
of acetone exposure at 1 ppm. The devices are operated at ISO mode where Fig. 7.3 (a)-(d)
varies from 150-300 ∘C. The exposure and release time of acetone are selected to be 160 s
and 550 s, respectively. The change in resistance is translated to responsivity. Although the
highest responsivity is shown at 250 ∘C, the responses are more reproducible at 150 ∘C.
The average responsivity of three cycles are plotted against temperature for all 5 devices
in Fig. 7.4. The responsivity maximizes at 250 ∘C experimentally. For all 5 devices with
different ink compositions, the responsivity increases with temperature from 100 ∘C, peaks
at 270 ∘C from polynominal fitting, and falls back down at 300 ∘C.
























Fig. 7.4 ISO mode responsivity of all devices as a function of temperature. Curves are fitted
with forth order polynomial.
The general trend in responsivities with respect to different temperatures is described
as follows. When the temperature is too low: (1) The activation energy is not reached for
chemisorption to take place. (2) The potential barriers between WO3 NPs are too high,
limiting the electron transfer process. Therefore the response is small. When temperature
increases from RT, the number of surface electrons surge, which leads to more adsorbed O–
and therefore more adsorbed acetone, and thus a surge in responsivity.
However, if the temperature is too high, the physisorption of acetone molecules is not
favored. The molecules are more likely to desorb from the surface, leading to a reduction in
surface interactions. Therefore the response falls at 300 ∘C. Whereas at the optimal temper-
ature, an equilibrium between adsorption and desorption are reached, producing maximal
responsivity.
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Comparing the responsivities at the optimal temperature, the maximum responsivity (40-
45%) is observed from WG0.7 devices; whereas WG0.2 devices have the worst responsivities
(13-20%). The responsivity of pure WO3 device (30%) lies in between. This observation is
roughly consistent among different devices fabricated with the same composition. It is noted
that WG0.7 devices offer superior reliability over WG0.2 devices.
The abovementioned trend in responsivities across different compositions is consistent
over temperatures above 200 ∘C. The behavior of reduced responsivity of initial (0.2 wt%)
loading of graphene may be attributed to the slight reduction in WO3 receptors, leading to
reduced interactions with acetone molecules. It may also be attributed to the discontinuity in
the transduction path caused by the additives. As the loading of graphene increases, the edge
defects of LPE graphene may start to contribute to the receptor process. The establishment of
graphene/WO3 may also facilitate transduction process. The combinational effects achieve
enhanced responsivities over pure WO3 devices. However, it is expected that if the loading
of graphene continues to increase, the response will fall down again, as graphene is less
sensitive to acetone than WO3 [90].
Response/recovery time comparison
Response time and recovery time are also important parameters to measure the performance
of a gas sensor. Response time, 𝑡𝑅𝑒𝑠, is defined as the period of time from gas sensor con-
tacting with the target gas to variation of resistance reaches 90% of |𝑅𝑎 − 𝑅𝑔|. Recovery
time, 𝑡𝑅𝑒𝑐 , is defined as the period of time from gas sensor being away from the target gas
to variation of resistance reach to 90% of |𝑅𝑎 − 𝑅𝑔|. They have been calculated for all five






























Fig. 7.5 (a) Response and (b) recovery time in ISO mode as function of temperature. The
data is derived from Fig. 7.3.
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The clearest trend is that both response time and recovery time falls as temperature in-
creases. Temperature has the most impact on WG0 device. Devices with graphene generally
has a shorter response time at low temperatures. At temperatures higher than 150 ∘C, WG0
device shows a faster response and recovery than those loaded with graphene. WG0.7 usu-
ally have a shorter response/recovery time than that of WG0.2.
The grounds for the observed behavior may be explained as follows. At low temper-
atures, the threshold of activation energy for chemisorption at WO3 sites is not reached,
therefore the adsorption process in WG0 devices is slow. Incorporation of graphene intro-
duces adsorption sites at its edge defects, promoting physisorption of the acetone molecules.
Therefore, WG0.2 and WG0.7 show faster response time than WG0 at lower temperatures.
At higher temperatures, chemisorption at WO3 sites dominates the receptor process. Com-
pared to the ones with graphene loading, as the sites of the fast-reacting WO3 is fewer, WG0
devices therefore show faster response time.
On the other hand, the desorption process at low temperature is likely to be more depen-
dent on the physical mechanism. At low temperature, the acetone molecules do not attain
sufficient energy to desorb. Therefore, graphene plays no role in recovery time. Whereas at
high temperatures, the reaction rates are much higher at WO3 sites. Therefore, WG0 devices
also show faster response time.
There exists a small trade-off between responsivity and response/recovery time. As the
optimal temperature for responsivity of all devices is at the higher range, the incorporation
of graphene has a slightly negative effect on response/recovery time. Since the difference in
responsivities among devices compared to that of time, it is reasonable to target responsivity.
7.3 Performances in TM mode
Typically, one can use pulse heating to promote desorption gas molecules from the sensing
layer. It causes periodic changes in the resistance with a characteristic shape influenced
by ambient temperature [252]. Fig. 7.6 show the processed responses of the representative
devices in each material composite under TM mode. The concentration of acetone is tested
in a pattern of 4, 3, 2, 1, 2, 3, 4, 3, 2, 1 ppm. The heating pulse is set to be 150 ∘C for 3 s and
300 ∘C for 1 s. The dataset is measured at 140/560 s acetone exposure/release cycles.
The responsivities show a similar trend towards the ones in ISO mode at comparable
temperatures. WG0.7 devices have the best responsivity and WG0.2 devices perform the
worst. Nevertheless, as compared to ISO mode, TM mode tends to give a more reliable
result, with no apparent difference in responsivity between each cycle. The reason is that
within the interval when acetone is off, TM mode allows more complete desorption of the
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Fig. 7.6 Normalized response comparing various graphene loading varied at various con-
centrations. The devices are operated at TM 150/300 ∘C. See Appendix Fig. A.9 for raw
data.
adsorbed gas molecules. Therefore, the previous cycle does not affect the later ones. With
one pulse in a heating cycle having a higher temperature, it helps accelerate the desorption
process as well as the electron transfer process (as discussed in Chapter 5 Section 6.3).
Response time comparisons
The response time for each concentration is calculated and plotted against temperature in
Fig. 7.7(a). The response time for all 5 devices are plotted for two different modes for com-
parison. At 150/300 ∘C modulation, the behaviour of all 5 devices is consistent at different
concentrations, with only a marginal difference between each device.
In Fig. 7.7(b), I compare the response time at 150/300 ∘C modulation with that at 150 and
300 ∘C at 1 ppm acetone. It is clearly seen that the response time across each device is sig-
nificantly shorter than ISO mode at either temperature compared. This is a great advantage
of TM scheme. Operating at a low temperature in ISO mode may lead to the accumulation
of incompletely oxidized contaminant; whereas in TM mode, the sensors are regenerated
efficiently by the periodical oscillations [253].
TM mode is highly desirable when response time is preferred over sensitivity. This mode
allows the device to operate at a lower average temperature with a much improved response
time. These characteristics are particularly useful for portable devices. In brief, TM 150/300
∘C gives the best sensitivity and the best response time respectively. However, when com-
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Fig. 7.7 (a) Response time at TM 150/300 ∘C (b) Response time for different mode at 150
∘C. Blue, orange, and grey bars indicate TM at 150/300 ∘C, ISO at 150 ∘C, and ISO at 300
∘C, respectively.
paring the optimal responsivity condition for ISO mode, it is noted that the responsivities at
TM 150/300 ∘C are not as good.
Table 7.2 compares the power consumption for 250 ∘C ISO mode and 150/300 ∘C TM
mode. For TM mode, The power is calculated according to the 75% duty cycle at 150 ∘C and
25% at 300 ∘C. The results show that the power consumption is 28% lower for 150/300 ∘C
TM mode than the optimal ISO mode. TM is a preferred operation mode when the power
consumption is limited.
Mode Temperature (∘C) Current (mA) Voltage (V) Power (mW)
ISO 250 21 1.1 23.1
TM 150/300 17/22.5 0.75/1.25 16.6
Table 7.2 Power consumption comparision between ISO and TM modes at their optimal
conditions.
Performance in RH environment
Using the best performing WG0.7 sensors, I measure their performance in 40% RH envi-
ronment. The sensors are operated at a train of heating pulse of 150/300 ∘C at 75% duty
cycle. Acetone is injected for 10 cycles. The normalized reponses are shown in Fig. 7.8.
The devices achieve 9.12% responsivity at 2 ppm of acetone in RH = 65% when operated at
TM 150/300 ∘C. Well-alignment of device-to-device response and low cross-cycle variation
are shown in Fig. 7.8. Although RH level causes a reduction in responsivity, the response
curves remain similar to that in air environment.


































Fig. 7.8 Normalized response under RH for WG-0.7 at various concentrations.
7.4 Compensation of cross-analyte interference for disease
diagnosis
WO3 material exhibits high selectivity towards acetone. This is attributed to its high electric
dipole moment which promotes strong interaction with acetone [111] (dipole moment of
2.91 D) as compared to NH3 (1.46 D), H2O (1.85 D), ethanol (1.69 D).
Following the discussions in Chapter 6 to compensate for the interference effects from
acetone, I use WG-0.7 sensors in parallel to the graphene-ZnO sensors (ZG-3) developed
in the previous Chapter. Harnessing the precise and uniform deposition of sensing films
through the inkjet technology, a sensor array comprising a variety of graphene-MOx nano-
materials systems could be fabricated in a single multi-𝜇HP CMOS die [254].
The WG-0.7 devices I fabricate achieve stable and linear responses with 9.12% respon-
sivity at 2 ppm of acetone, a detection limit of 360 ppb, and sensitivity of 5.54%/ppm
(Fig. 7.9(a)) when operated at TM 150/300 ∘C, under high RH conditions which simulate
exhaled breath.
Fig. 7.9(b) maps tentative detection of kidney failure and diabetes (which associates with
acetone level [7]) based upon plausible readouts from dual graphene-MOx sensors, ZG-3 and
WG-0.7, as if presented in the breath. The orange-shaded area indicates potential kidney
failure with a probability distribution; the green-shaded area indicates potential diabetes;
whereas the intersection indicates both diseases. The responsivity boundary from the breath
of a healthy person measured by ZG-3 device, 𝑆ZG−3 (healthy), is estimated to be 1.82%.



















































































































































Fig. 7.9 (a) WG-0.7 responsivity as a function of acetone concentration. (b) Mapping for
tentative detection of kidney failure and diabetes using dual graphene-MOx sensors: ZG-
3 and WG-0.7. Responsivities indicated with respect to NH3 and acetone using ZG-3 and
WG-0.7 sensors, respectively. The responsivity data is derived from Fig. 6.19(a) and 7.8.
This readout is a result of combined contributions from 2 ppm NH3 and 1 ppm VOC; whereas
the readout point by WG-0.7, 𝑆WG−0.7 (healthy), is 4.23%. The tilt angle of the orange-
shaded boundary is determined by cross-correlation with the compensating WG-0.7 sensor.
The typical responsivity from the breath of a patient with at least kidney failure (ei-
ther with or without diabetes) measured by ZG-3 device, 𝑆ZG−3 (ESRD), is estimated to be
13.41-13.88%, which is contributed by 6 ppm NH3 and acetone above 1 ppm. Note that pa-
tients with diabetes exhale 1.76-3.73 ppm of acetone [7]. The boundary for diabetes is thus
determined at above 7.7% of WG-0.7 response. My work demonstrates a strong potential for
multi-analyte breath diagnostics.
Calculations for disease diagnostics
(1) Boundary for healthy persons:
𝑆ZG−3 (healthy bound) = (4.7% − 1.24%) × 𝐻𝐹 ZG−3 = 1.82%, where humidity factor (HF)
of ZG-3, 𝐻𝐹 ZG−3, is 52.6%; 4.7% and 1.24% are the responsivity contributions from 2 ppm
NH3 and 1 ppm acetone, respectively.
(2) For patients with ESRD but without diabetes:
Typical 𝑆ZG−3 (ESRD, diabetes) = (27.6%−1.24%)×𝐻𝐹 ZG−3 = 13.88%, where 27.6% and
1.24% are the responsivity contributions from 6 ppm NH3 and 1 ppm acetone, respectively.
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Typical 𝑆WG−0.7 (ESRD, diabetes) = 4.23%.
(3) For patients with both ESRD and diabetes:
Typical 𝑆ZG−3 (ESRD, diabetes) = (27.6%−2.12%)×𝐻𝐹 ZG−3 = 13.41%, where 27.6% and
2.12% are the responsivity contributions from 6 ppm NH3 and 2 ppm acetone, respectively.
Typical 𝑆WG−0.7 (ESRD, diabetes) = 9.12%.
7.5 Summary of results
In order to detect acetone in breath for early stage diagnosis, chemirisitive gas sensors have
been made in this project. Devices are made using WO3 nanoparticles for its selectivity
towards acetone. Different graphene concentrations are mixed with WO3 to improve perfor-
mance. The ratio of graphene is selected to be 0, 0.2, and 0.7 wt%. The ink is deposited
on a CMOS platform using inkjet printing. The response is measured quantitatively by the
change in resistance. For isothermal operation, the optimal operating temperature for all
devices is 250 ∘C and the 0.7 wt% ink has the largest response. The response and recovery
time both decrease with temperature. Pure WO3 ink appeared to have the shortest response
and recovery time for temperature higher than 150 ∘C.
Temperature modulation is an alternative to the isothermal mode. The largest improve-
ments are that TM mode enables a shorter response time and produces repeatable responses,
as compared to those of ISO mode. By comparing the responses at 150/300 ∘C modulation
with that at 150 ∘C and 300 ∘C ISO mode, each device is able to respond faster. This mode
also allows a 28% lower power consumption. However, TM mode does not give the best
performance in terms of sensitivity.
TM mode is more practical as a gas sensor for breath due to its shorter response time
and more reliable results. Since diabetes patients typically have an acetone concentration
ranging between 1.76 and 3.73 ppm, WG0.7 devices are expected to deliver responsivities
between 10-25% if 150/300 ∘C TM mode is used.
Furthermore, I deploy a parallel acetone-selective inkjet-printed WO3-graphene sensor
to compensate for the interference from acetone.
Chapter 8
Detection of Nitrogen Dioxide
Rapidly increasing environmental pollution has been recognized as a major concern for hu-
man health. In particular, nitrogen dioxide (NO2) is a critical risk factor for asthma and
respiratory infections. To establish new generational IoT-based air pollution heatmaps and
real-time alert systems, ubiquitous deployment of low-powered embeddable devices emerges
as an ideal solution. MOx chemiresistive sensing materials face critical challenges especially
baseline drifts and cross-analyte interferences, compromising detection accuracies in real-
world implementations.
Specifically, analyte selectivity is traditionally achieved by computational analysis of re-
sponses from cross-reactive arrays consisting of a variety of MOx materials [52], due to poor
discrimination accuracies in using single MOx sensors [50, 51]. Despite reported discrim-
ination of various chemical species qualitatively, the effects attributed to relative humidity
(RH), a susceptible substance to most MOx materials [255], is not discriminated and quan-
tified in such systems. Furthermore, literatures focusing on steady state training methods
can be inaccurate in ambient environment due to non-linear baseline drifts and variations in
interfering species [226, 227].
As a sensing material, MOx/rGO nanocomposites offer advantages such as improved
responsivity [11] and lowered operating temperatures [95] over conventional MOx. rGO
functionalized with MOx including SnO2 [166], ZnO [55], Cu2O [96], WO3 [131], Fe2O3
[129] have been studied for NO2 detection. In particular, 𝛼-Fe2O3/rGO, prepared by facile
hydrothermal process, is capable of room temperature operation with 180 ppb detection limit
[129]. Noteworthily, it exhibits good linearity and selectivity to NO2 [129].
In this chapter, I fill the gap of analytical methodologies to further improve the selectivity
and reliability for MOx/rGO composite in the ambient environment. My solution focuses
on the development of machine learning (ML) approaches, including PCA and clustering,
on a single 𝛼-Fe2O3/rGO nanocomposite platform. Coupled with training methods based
8.1 Ink formulation and characterization 119
on transient responses, my approach achieves an overall discrimination accuracy of 96.4%,
outperforming that of single MOx sensors [50, 51]. It is the first report to date that demon-
strates humidity discrimination using single MOx/rGO CMOS-integrated sensor, represent-
ing a significant step towards reliable intelligent air quality monitoring systems.
Furthermore, in Section 8.6 I implement fully inkjet-printed room temperature NO2 sen-
sors integrated within the co-developed multi-sensory hub to carry out NO2 detection in
real-world environment. This is part of the InnovateUK project involving partnerships with
Nanjing Tech University, University of Manchester, CPI, Novalia, NeuDrive, and KDX.
The contents of this Chapter have been submitted for publication [256]. The contents
in Section 8.6.2 is submitted for review [181]. The contents of this Chapter are my original
work, apart from Section 8.6 where the PCB board and the fully inkjet-printed devices are
co-developed with Abdul Alzahrani and Guohua Hu, respectively. I thank Osarenkhoe Og-
beide for Raman characterizations. I thank Jay Dai (in Prof. Xiao Huang’s group) for the
development of material synthesis method and TEM characterizations.
8.1 Ink formulation and characterization
Formulation of 𝛼-Fe2O3/rGO ink
Fig. 8.1 A flowchart of 𝛼-Fe2O3/rGO ink formulation process.
Fig. 8.1 shows a flowchart of the Fe2O3/rGO ink formulation procedure. The sensing
material is synthesized by an one-pot hydrothermal process. Unlike the previous formula-
tions where polymer is used as a binder between the MOx NPs and graphene, hydrothermal
process allows the formation of bondings between MOx and rGO, creating stable composites
without the presence of polymer. The production of Fe2O3/rGO ink first involves formation
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of a dispersion of GO in deionized (DI) water. 5.625 mg of GO is added to 11.25 ml of DI
water and sonicated for 0.5 hour. Next, a mixture of 36.5 mg of iron(III) chloride (FeCl3) is
measured and added to 9 ml of DI water. The mixture of FeCl3 and DI water is then added
to sonicated mixture of GO and DI water, along with 180 mg of surfactant (sodium acetate)
and 13.5 ml of IPA. The combined reagents are sonicated for 0.5 hour to ensure good mix-
ing; afterwards the reagents are transferred to a hydrothermal autoclave reactor and baked at
120∘C for 8 hours.
After the sample is cooled down, it undergoes vacuum filtration using a hydrophobic
polytetrafluoroethylene (PTFE) membrane filter with a pore size of 0.22 𝜇m. Filtration is
repeated for 3 times, rinsing the sample with DI water each time. The filtration process
rinses off the residual surfactant presented. Next, the flakes from the filter paper are shaken
off, in a vial containing a binary 9:1 solvent mixture of IPA and 2-butanol, and is sonicated
for 0.5 hour. This completes the solvent exchange of the sample and, finally, the sample is
centrifuged. The top 70% portion without aggregations is collected for inkjet printing. The
final ink is shown in Fig. 8.2(a). The purpose of solvent exchange into a binary alcoholic
solvent mixture is to suppress the ring-like deposition of suspended particles [190] through
Marangoni-enhanced spreading and droplet deformation [58].





































































(g)Fig. 8.2 (a) Photograph of formulated 𝛼-Fe2O3/rGO ink. (b) Optical absorption of diluted
𝛼-Fe2O3/rGO ink (inset).
Fig. 8.2(b) displays the optical absorption spectrum for the diluted 𝛼-Fe2O3/rGO ink.
The spectra shows a shoulder at approximately 480 nm which is consistent with literature in
identifying 𝛼-Fe2O3 [257]. The larger shoulder between 300-400 nm in the spectra is likely
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due to red-shifted rGO from ≈275 nm [258], as attributed to the alteration of the bandgap of
rGO [259].
Fig. 8.3(a) confirms the formation of a printable ink with stable jetting without appear-
ance of secondary droplets during printing. This can be further supported with the calcula-
tion of the inverse Ohnesorge number, 𝑍 = √𝛾𝑖𝑛𝑘𝜌𝐷/𝜂 [63], where 𝛾 is surface tension, 𝜌 is
density, 𝐷 is nozzle diameter, and 𝜂 is ink viscosity. Using the measured values: 𝛾𝑖𝑛𝑘 = 29.6
mN m−1, 𝜌 = 0.8 g cm−3, 𝐷 = 22 𝜇m, and 𝜂 = 1.95 mPa s, a 𝑍 value of 11.7 is calculated
which lies within the optimal range for stable jetting [63]. Fig. 8.3(b) shows the evolution of
contact angle of the ink over time. The angle initiates at around 12° and decreases rapidly
over time, reaching below 4° in under 1 s. It continues to decrease beyond this point until it
approaches 0, although the measurements are difficult to obtain due to errors from the glare,
contrast, and viewing angles [260]. Despite this, the good wetting and high print definition
is demonstrated by the printed Cambridge University crest in Fig. 8.3(c).
Fig. 8.3 (a) Jetting sequence of the ink. (b) Change in contact angle over drying process. (c)
Inkjet-printed Cambridge University crest.
I inkjet-print 100 passes of 𝛼-Fe2O3/rGO layers onto the interdigitated electrodes (10
𝜇m finger gap and width) above the Si3N4 membrane of the CMOS 𝜇HP platform. The
fabricated device is shown optically in Fig. 8.4(a). From the enlarged microscope image, the
𝛼-Fe2O3 decorated rGO are uniformly distributed between and on top of the electrodes.
Fig. 8.4(b) displays the representative Raman spectrum (among 10 spectra measured)
for printed 𝛼-Fe2O3/rGO films, showing D and G peaks at 1345 and 1607 cm−1 respectively
[261]. The calculated 𝐼D/𝐼G ratio is 0.95, indicating the presence of disorders or defects in
rGO sheets which act as the active sites for gas adsorption [94]. I note that this ratio is higher
than that of LPE-processed graphene (0.46). Pure hematite belongs to the R-3c crystal space
group and can be identified with the 𝐴1g and 𝐸g phonon modes in Raman [262]. The inset
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spectrum highlights the 200-650 cm−1 region, exhibiting the characteristic peaks at 𝐴1g: 224
cm−1 and 𝐸g: 294, 410, 611 cm−1 identified for 𝛼-Fe2O3 [262].






















Fig. 8.4 (a) Microscopic image of the inkjet-deposited CMOS sensory device. (b) Raman
spectra of 𝛼-Fe2O3/rGO printed films; (inset) zoomed-in spectra.
8.2 Sensing mechanism and performances
The sensing mechanism of NO2 detection by the 𝛼-Fe2O3/rGO nanocomposite is depicted in
Fig. 8.5(a). rGO is a typical p-type semiconductor, and NO2 captures an electron from rGO
to produce NO –2 [263]. 𝛼-Fe2O3 is an n-type semiconductor and oxygen molecules in air act
as electron acceptors. The molecular oxygen captures electrons from the conduction band
of 𝛼-Fe2O3 and generates chemisorbed oxygen O –2 . Then, NO2 reacts with the O –2 on the
surface active sites of 𝛼-Fe2O3 and forms an intermediate complex NO –3 [263]. Since rGO
has a lower work function (≈5.2 eV) than 𝛼-Fe2O3 (≈5.9 eV) [264], the electrons transfer
from rGO to 𝛼-Fe2O3 to equalize the Fermi level. This leads to an increase in hole density
and thus reduction in electrical resistance during sensing events [264].
Transmission electron microscopy (TEM) in Fig. 8.5(b) captures the evenly-distributed
Fe2O3 NPs grown on the rGO matrix (the semi-transparent layers bounded by wrinkles). No-
tably, the individual Fe2O3 NPs reveal microporous structures that may lead to an enhanced
gas adsorption capacity. The selected area diffraction (SAED) pattern in the inset presents
the crystallines of both restored aromatic graphene and Fe2O3 NPs, as seen by the diffraction
rings and points, respectively.
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Fig. 8.5 (a) Illustration of sensing mechanism on detection of NO2 in air with 𝛼-Fe2O3/rGO;
(inset) band diagram at 𝛼-Fe2O3/rGO interfaces. (b) TEM image of 𝛼-Fe2O3/rGO composite;
(inset) SAED at selected rectangular region.
Fig. 8.6 shows the responses under exposure of NO2 at room temperature. It is sug-
gested that due to the extended surface area and metal-semiconducting heterojunctions [94],
the inkjet-printed sensors exhibit 1.48% responsivity as low as 100 ppb of NO2, which sat-
isfies the requirement (primary and secondary national standards of 100 ppb hourly average
and 500 ppb 3-hour average, respectively [265]) for environmental NO2 monitoring. How-
ever, the non-linear baseline drift reflects incomplete sensor recovery after individual sens-
ing events. Therefore, I further optimize sensing performances through deployment of TM
control algorithm.
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Fig. 8.6 Response under NO2 exposure for inkjet-printed 𝛼Fe2O3/graphene devices operated
at room temperature.
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8.3 Performance in TM mode
The control mechanism implements an application of 150∘C pulse at every 5 s interval using
the 𝜇HP platform. The mechanisms of TM scheme have been fully analyzed with surface ad-
sorption, analyte diffusion, and carrier transport models in the previous chapters. Fig. 8.7(a)
illustrates the response, deploying this protocol, after the sensor is stabilized. The electri-
cal resistance 𝑅 stabilizes to 1.2 MΩ at 25∘C with a sharp drop to 0.34 MΩ at 150∘C. The
resistance drop due to increase in temperature aligns with the relationship:
𝜌 ∝ exp( Δ𝑉𝑘𝐵𝑇
) (8.1)
where 𝜌 is resistivity, Δ𝑉 is the potential barrier, 𝑘𝐵 is the Boltzmann constant. The sharp
reduction of 𝑅 at 150∘C pulse and its instant recovery to the 25∘C plateau showcase the rapid
dynamic heating/cooling operation offered.



























1.5 Raw data [NO2] in dry air































































Fig. 8.7 (a) The control protocol (150∘C pulse for every 5 s) and response at stabilization
phase. (b) Data processing procedure for generating proceeding output curves.
The blue-shaded region in Fig. 8.7(b) shows the unprocessed response under exposure to
various NO2 concentrations in dry SA for 240 s every 960 s. I extract the respective envelopes
at 25∘C and 150∘C pulses, and then employ a differential readout of the envelopes to generate
an output curve 𝑆𝑡 thereafter. The steady state responsivity 𝑆 is defined as |1 − Δ𝑅𝑒𝑞/Δ𝑅0|,
where Δ𝑅𝑒𝑞 and Δ𝑅0 are the differential readouts at equilibrium in NO2 and stabilization in
SA, respectively. The lowered 𝑅 present in the envelopes during exposure correspond to the
reduction in Δ𝑉 from Equation 2.6 and mechanisms detailed in Chapter 5 Section 6.3.
Fig. 8.8(a) shows responses of 3 sensors under successive NO2 injection, with concen-
trations varying at steps of 0.25 ppm. Moreover, individual responses show no hysteretic
behavior and baseline drift, generating consistent responsivities at measured concentrations.
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The well-alignment of responses (<2% variation) across devices showcases the consistency
of the fabricated devices. Furthermore, the devices produce high SNR of > 5200 and con-
sume 2 mW using the TM scheme, which is 97% more energy efficient than the latest com-
mercial MEMS-based sensor (MiCS-6814) that consumes 73 mW. Fig. 8.8(b) assesses the
long-term persistency of the sensor through comparison of transient responses before and
after one month. The responsivity and linearity improve slightly with the ageing over a
month’s period.


























1.5 Raw data [NO2] in dry air































































Fig. 8.8 (a) Multi-device response under successive NO2 concentration steps. (b) Long term
sensor response tested under successive NO2 steps. See Appendix Fig. A.10 and A.11 for
raw data.
8.4 Cross-selectivity measurements
The effects of interfering gas species are characterized and compensated. Four repeated
measurements at 2 ppm of each interferant (see Appendix Fig. A.12) are carried for the
cross-sensitivity characterization. The cross-selectivity measurements in Fig. 8.9(a) present
negligible responsivity from 2 ppm of ethanol, acetone, and CO (0.48%, 0.23%, 0.14%, re-
spectively) relative to NO2, while the influence of humidity is significant (8.53% at 20% RH)
which is common for MOx-based sensors. This is attributed to the interactions between wa-
ter vapor and the adsorbed oxygen ions on the surface of MOx [255]. The responsivity in
presence of analyte can be non-linear with respect to respective concentrations [266], and
it can depend on other factors like surface morphology [266], building the complexity of
modelling. In turn, I focus on a data-driven approach to compensate for the humidity effect
in this work.
To examine the behaviors of humidity on NO2 sensing, I measure the responses of NO2 at
2 ppm within 20-60% RH levels of SA varying at 10% steps, as shown in Fig. 8.9(b). Despite
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the hardly distinguishable steady state responsivities between various RH levels, I observe











































Fig. 8.9 (a) Cross-analyte selectivity among common interfering gas species. (b) Response
NO2 at 2 ppm under various RH levels. See Appendix Fig. A.12 for raw data.
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8.5 Machine learning for selectivity improvement
I employ ML approaches to establish a predictive system to discriminate NO2 concentra-
tions in various RH conditions for compensation of interferences. First, I obtain signatures
of the pre-processed transient responses 𝑆𝑡 to create a pattern library for the dataset. Tran-
sient responses comprise comprehensive dynamic characteristics arising from gas adsorp-
tion/desorption processes, diffusion speed, and/or chemical reactions [50], offering many
exploitable insights.
In this study, I extract 12 features for each curve. The methods are illustrated in Fig. 5.9.
In brief, I obtain (i) response and recovery time constants 𝜏𝑟𝑒𝑠𝑝, 𝜏𝑟𝑒𝑐𝑜𝑣 derived from exponen-
tial fitting (Equation 5.1) based on Langmuir model [267]; (ii) steady state information; (iii)
area of response and recovery signal to incorporate baseline information; and (iv) features
from differentiated curve which relate to reaction and diffusion dynamics.
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Fig. 8.10 (a) Sensor responses of 6 sets of ([NO2], [RH]) paired groups. (b) PCA scores and
classification with kNN. (c) PCA biplot, where 𝑓𝑘 represents the loading attributed to k-th
feature. (d) Confusion matrix of the predictive system.
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PCA generates projections along the directions of maximum variances, selecting features
important for class representation. PCA is then performed for dimensionality reduction of
the computed features, and visualization of the clusters formed in low-dimensional projec-
tions. The input dataset comprises 6 sets of ([NO2], [RH]) paired groups, in combinations
of [NO2] = 1, 2 ppm in [RH] = 0, 30, 60%. Figure 8.10(a) presents the input training set,
containing 10-20 repeated measurements (50% of the total measured dataset) obtained for 3
fabricated 𝛼-Fe2O3/rGO devices simultaneously for each group.
Fig. 8.10(a) presents the input training set, containing 50% of the measured dataset.
As noted, the excellent device-to-device consistency, cross-cycle reproducibility, and SNR
offered by inkjet technology coupled with TM algorithms significantly suppress noisy in-
formation entering the training system. Fig. 8.10(b) shows the visual representation after
PCA transformation. With only two most critical PCs, I can clearly separate the dataset
into 3 widely distinct RH classes each composed of 2 distinct [NO2] clusters, with 95.2% of
variances explained. I then perform cluster analysis to segment transformed dataset into 6
classes. kNN is used for classification (background segments in Fig. 8.10(b)) due to its high
discrimination accuracy [90].
To further analyze the contributions of individual features 𝑓𝑘 towards separation of classes,
I perform a PCA biplot as displayed in Fig. 8.10(c). Feature 𝑓4 (𝑡𝑟𝑒𝑐𝑜𝑣) contributes most
to PC1 (87% of variances); whereas 𝑓2 (Δ𝑅𝑟𝑒𝑐𝑜𝑣) and 𝑓6 (𝜏𝑟𝑒𝑐𝑜𝑣) are the main features for
separating different NO2 concentrations within the same RH groups, indicating that the des-
orption behavior is the key identifier among different groups. My system is then evaluated
with a confusion matrix (Fig. 8.10(d)) for prediction accuracy, using cross-validation dataset
(50% of remaining dataset).
I successfully discriminate mixed concentrations of NO2 and RH, with all labels being
classified at above 90% accuracy, and particularly 4 classes at 96-100% accuracy, outper-
forming current literature on single-sensor chemical discrimination. The small portion of
misclassification is attributed to the boundary between 1 and 2 ppm NO2 in dry air. In
summary, the comprehensive features I extract and the associated analysis leads to robust
discrimination of ([NO2], [RH]) groups, both qualitatively and quantitatively.
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8.6 Field trial - the InnovateUK Project
This section describes the implementation of fully inkjet-printed room temperature NO2 sen-
sors I fabricate that are tested in field trials. This is part of the InnovateUK project involving
collaborations with Nanjing Tech University, University of Manchester, CPI, Novalia, Neu-
Drive, and KDX.
8.6.1 Printed devices
Fig. 8.11 shows an array of fully-inkjet-printed rGO/𝛼-Fe2O3 sensors. In each sensor, the
inkjet-printed rGO/𝛼-Fe2O3 onto silver interdigitated electrodes (Ag IDEs) acts as the active
sensing layer. I use polyethylene terephthalate (PET) with a microporous coating that is
specifically designed for silver printing, to avoid short-circuits of the Ag IDEs. Fig. 8.12
shows highly uniform deposition of rGO/𝛼-Fe2O3 over the Ag IDEs.
1 cm
Fig. 8.11 Array of fully inkjet-printed rGO/𝛼-Fe2O3 sensors.
Supplementary Note 8. Inkjet printed sensors
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Supplementary Figure 11. Optical micrographs of inkjet-printed silver interdigitated electrodes at different regions on (a)
the Mitsubishi silver printing PET substrate with microporous coating, and (b) regular untreated PET substrate. (c) Mapping of
the measured responsivities (Rgas) to 1 ppm NO2 of the all-inkjet-printed rGO/α-Fe2O3 sensor array shown in Fig. 4e in the
manuscript. The ‘null’ grey spots represent short-circuited devices. (d) Replotted figure of Fig. 4h(II) in the manuscript,
showing stabilised response after saturated exposure to 1 ppm NO2 for 30 min. (e) The measured stabilised Rgas as a function
of NO2 concentration, giving a stabilised sensitivity of 20.2% per ppm to NO2.
16/19
Fig. 8.12 Inkjet printed silver electrodes showing high printing resolution.
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8.6.2 Measurement results in the laboratory
Fig. 8.13(a) presents the measured response following saturation under 1 ppm NO2. To
eliminate the influence from the residual gas and humidity absorbed by the sensors, I have
done the following: (1) saturate the sensors under 1 ppm NO2; (2) put the sensors under
vacuum to allow complete desorption; (3) saturate the sensors under 1 ppm NO2 and record
the device resistance.
Fig. 8.13(b) is the extracted responsivity as a function of NO2 concentration. As shown,
after saturated in NO2, the baseline drift issue is addressed, and the responsivity establishes
a linear relationship with the NO2 concentration. The inkjet-printed devices in RT shows
the following performances: (1) 1% responsivity at 0.2 ppm NO2; (2) ≈20% responsivity
under 1ppm NO2; (3) Sensitivity of 20.2%/ppm. The suppression of the baseline drift and
the linear relationship suggest that the sensors are viable for room temperature, prolonged,
multiple-cycle measurements for down to 0.2 ppm.














































Fig. 8.13 (a) Response after saturated exposure to 1 ppm NO2 for 30 min. (b) Responsivity
as a function of NO2 concentration.
To assess the device-to-device sensitivity variations across this sensor array, I measure
the responsivity at 1ppm NO2 of each individual device. Fig. 8.14(a) presents the mea-
sured responsivity map the sensor array. As shown here, all the sensors response identi-
cally with ≈90% responsivity. This is confirmed by its Gaussian distribution as presented in
Fig. 8.14(b): all the devices are distributed in the 𝜇 ±3𝜎 region. I find that the responsivities
of 78% of sensors lie within 1𝜎 (2.5% spread from their 𝜇 value). This demonstrates the
viability of the fully-inkjet-printed sensors for manufacturing.
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Fig. 8.14 (a) Measured responsivity map of the sensor array. The gray data points correspond
to malfunctional devices. (b) The corresponding Gaussian fitting of measurement, showing
that all devices are distributed within 𝜇 ± 3𝜎.
8.6.3 Compensation for RH levels
The responses of MOx based chemiresistive sensors often suffers from interference from
other gas species. RH level is one of the major concerns for my sensor as the city where
the field trial is conducted (Cambridge) is normally very humid, and the performance of the
sensor may deteriorate due to the adsorption of OH– group in water vapor. Hence, I need to
calibrate the response of NO2 under different RH level.
The testing is conducted in the gas testing rig where RH level can be controlled precisely
with a dilution of synthetic air which is controlled by the flow rate passing through the mass
flow controller. The measurement is conducted at an increasing step of 10% RH level, rang-
ing from 0% to 80%. The RH level is set to hold for 10 min every cycle of testing. The
resistance at various RH level at plotted in the scattered datasets in Fig. 8.15(a). As seen
from the figure, the sensor response is barely dependent on humidity at below 30% RH level
and drops by approximately 8% at 40% RH level. The response slightly drops linearly as RH
level keeps increasing until 80% where the response starts to saturate.
My approach to compensate the effect of humidity is to compute 𝑅0 as if RH is zero,
based on the fitted equation and RH level readout from the humidity sensor which is inte-
grated in the electronics on the PCB board. The concentration readout programmed in the
microcontroller is computed by the linear relationships as a function of the concentration of
NO2 in dry air, as presented in Fig. 8.13(b).
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Fig. 8.15 Resistance of the inkjet-printed sensor characterized at 1 ppm of NO2 under various
RH conditions.
I have chosen a polynomial fit to better describe the behavior at low and high RH levels
at which the resistance values are closer to saturation with a smaller variation with respect to
the RH level. 𝑅0 is then computed by the following equation as derived from the polynomial
fit.
𝑅0 = 𝑅 − 852.5𝑅𝐻 + 75.6𝑅𝐻2 − 0.64𝑅𝐻3 (8.2)
where 𝑅 is the uncompensated resistance value from the sensor readout; RH is presented in
percentage. 𝑅0 in dry air for 1 ppm is confirmed to be 0.8816 MΩ which aligns with the
measurement. The computed 𝑅0 which has been compensated for the effect of humidity is
then converted back to the linear relationships in a dry air environment.
8.6.4 Measurement system
Fig. 5.6 in Chapter 5 shows the housing and the PCB for the implementation of electronic
measurements. The core circuitry (Fig. 5.7) to realize the measurement consists of a Wheat-
stone Bridge followed by a differential amplifier to deliver a readout with enhanced sensitiv-
ity in the range of 0.6 to 1 MΩ. The inkjet printed sensor on PET substrate is inserted into
the zero insertion force (ZIF) socket. The concentration level is then computed and compen-
sated against RH level by the microcontroller and displayed on the LCD connected to the
PCB. The raw and processed data is then communicated through the UART protocol to the
multi-sensory hub.
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This NO2 detection unit is put together with the other sensor units (polymer sensors
developed by University of Manchester and commercial electrochemical sensor from Al-
phasense), along with other components (GPS, central pump, Raspberry Pi controller, and
USB interface) in a large peli case, as shown in Fig. 8.16.
(a) Top view (b) Bottom view
Fig. 8.16 Integrated system for field trial.
8.6.5 Field trial results
The field trial is carried out outside our laboratory (at 52°12’37’’N, 0°05’40’’E). The test is
conducted at 9:00 – 17:00 on Monday 18th March 2019. The system is placed inside an open
storage room surrounded by a building construction site for continuous monitoring. The
construction work is being carried out between approximately 10:00 to 16:00 on the day of
the trial. I obtain the resistance value from the system (3 point average, with measurements
taken every 60 seconds) and convert it into NO2 concentrations based on the calibration
curve shown in Fig. 8.17(a). Note that the humidity level used for compensation is between
45-55% as measured on the site.
The NO2 concentration during the measurement period is shown in Fig. 8.17(b). The
concentration initiates at 50 ppb which aligns with the average concentrations expected dur-
ing a working day. The results show a clear rise from 50 ppb reaching 150 ppb within 1 hour,
indicating the emission of NO2 during the building construction. The concentration peaks
at 200 ppb at 14:30 and drops afterward and more rapidly after construction is finished. The
results demonstrate meaningful real-world implementation that aligns with the expected op-
eration. I note that the Alphasense reference electrochemical sensor was unable to give any
meaningful readings for comparison. This is likely due to the issue with the interface or data
readout.
8.7 Summary of results 134






































Fig. 8.17 (a) The calibration curve for the devices under the testing conditions during the
field trial. (b) Field trial results. The grey shaded region shows the period when building
construction takes place. See Appendix Fig. A.13 for raw data.
8.7 Summary of results
I have developed a machine-intelligent inkjet-printed 𝛼-Fe2O3/rGO integrated CMOS sys-
tem to selectively measure NO2 with high accuracy. Subsequently, I address the challenge
of incomplete sensor regeneration through temperature modulation scheme, and achieve ex-
cellent SNR, repeatability/reversibility, device-to-device consistency, and long-term con-
sistency that suppress noisy information. Interference from moisture is then addressed by
machine learning approaches including PCA and clustering of transient features. The pre-
dictive system is capable of quantifying NO2 concentrations under different RH conditions,
with excellent separation between classes and all labels classified at above 90% accuracy (4
classes at 96-100% accuracy).
Furthermore, the fully inkjet-printed NO2 room temperature sensors integrated within
the developed multi-sensory hub have performed reliable continuous NO2 detection in a
real-world environment. The sensors are not susceptible to environmental noise, such as
humidity variations, showing sub-10% variation at the highest humidity levels that can be




In this thesis, I have developed printable mobile-embeddable devices and intelligent sensory
systems as integral parts of personal healthcare as well as air quality applications. The targets
have been achieved through the development of novel sensing nanomaterials, scalable device
fabrication technologies, as well as signal processing and machine learning algorithms for
establishing intelligent systems.
9.1 Strategies and achievements
From the perspective of the material system, the synergistic advantages of various graphene-
MOx nanocomposites are explored for the measurement of NH3 and acetone levels for early
disease diagnostics, and the quantification of NO2 in ambient environments under vari-
ous humidity levels for air pollution monitoring. The improved performance seen in these
graphene-MOx hybrids is attributed to the formation of local metal-semiconductor hetero-
junctions and enhancements in gas adsorption capability at the active graphene sites. The
production of high purity sensing nanocomposites is carried out with low cost and solution-
processable hydrothermal synthesis.
From the perspective of device fabrication, UALPE coupled with inkjet printing of sens-
ing materials is promising for the integration of the miniaturized CMOS-compatible de-
vices. I optimize the ink formulations to achieve spatially uniform printed morphology for
delivering device reproducibility. In particular, the optimization of solvent/polymer system
enhances the dispersibility and rheological properties of inks; the employment of binary al-
coholic solvent system suppresses the detrimental coffee-ring effect. Moreover, I develop a
model to optimize the printed morphology based on droplet impact and spreading mecha-
nisms, offering an additional tool for turning printing parameters.
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In addition to improved material system and fabrication method, the challenges of sensor
recovery, baseline drift, and cross-analyte interferences are further addressed from the per-
spective of computational approaches. The algorithms on temperature modulation scheme
are developed based on temperature-dependent sensing mechanisms, which are analyzed
quantitatively and qualitatively for graphene/MOx system from the aspects of analyte-interface
interactions, electron transport based on band theory, and diffusion process. I further develop
machine learning approaches including signal pre-processing and cluster analysis techniques
to address the common issue of cross-analyte interference. For wireless connectivity, I estab-
lish a distributed wireless network of sensor platforms and generate visualization mappings
of air quality index, and transmit timely alerts while the level of hazardous analyte is above
a threshold.
In Chapter 6, I develop inkjet-printed graphene/ZnO integrated CMOS sensor for the
measurement of NH3 levels in the simulated breath. I have addressed the issue of incom-
plete sensor regeneration through the establishment of temperature-dependent sensing mech-
anisms and the associated algorithms, leading to enhanced sensing performances and repro-
ducibility. Under both pure NH3 and NH3 in synthetic air, ultrahigh responsivity, sensitivity,
and low response/recovery time are achieved. The devices are sustainable with significantly
reduced baseline drift, extraordinary repeatability without hysteresis, and high device-to-
device consistency.
In Chapter 7, I develop inkjet-printed graphene/WO3 integrated CMOS sensor for the
measurement of acetone levels. Functionalization using WO3 nanoparticles offers selectiv-
ity towards acetone. Different graphene concentrations are investigated to improve perfor-
mance. Temperature modulation mode is more practical as a gas sensor for breath due to its
shorter response time and more reliable results. This mode also allows a significantly lower
power consumption.
My strategy to combine the sensing material, inkjet printing onto CMOS platform and
TM scheme promises a robust system that outperforms conventional devices in aspects of
reproducibility, performance reliability, recovery time while enhancing responsivity. Ad-
ditionally, my approach of using inkjet deposition offers excellent device-to-device consis-
tency, overcoming a common drawback of the majority of the other studies. Furthermore,
cross-selectivity is addressed by the parallel graphene/WO3 sensor. My dual graphene-MOx
strategy therefore allows tentative mapping of disease probability being constructed.
In Chapter 8, I develop a machine-intelligent inkjet-printed 𝛼-Fe2O3/rGO integrated sys-
tem to selectively measure NO2 in ambient environment. Interference from moisture is ad-
dressed by machine learning approaches including PCA and clustering of transient features.
The predictive system is capable of quantifying NO2 concentrations under different RH con-
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ditions, with excellent separation between classes. The level of discrimination accuracy
has not yet been reported using a single MOx/rGO composite sensor. Furthermore, the
fully inkjet-printed room temperature NO2 sensors assembled within the developed multi-
sensory hub have performed reliable continuous NO2 detection in a real-world environment.
The sensors are minimally susceptible to humidity variations which can be compensated for
algorithmically.
9.2 Future work and outlook
In order to achieve practical multi-analyte sensory systems for disease diagnosis and air
quality monitoring systems, there is room for further research. From the material’s perspec-
tive, the 2D material family (and their functionalization with MOx) with superior sensing
properties are due to be explored for the establishment of cross-reactive arrays.
From the fabrication’s perspective, further optimizations are required including acceler-
ating the material deposition process, achieving wafer-scale device consistencies, as well as
improving the integrability across inkjet and standard CMOS fabrication processes.
From the computational perspective, further developments of more sophisticated ma-
chine learning models such as neural networks are essential for more accurate classification
of analytes.
My strategy to combine the sensing material, inkjet printing onto the CMOS platform,
and temperature modulation / machine learning algorithms promises a robust system that
outperforms conventional devices. The versatile technologies enable a multi-analyte sen-
sor to be fabricated reliably and cost-effectively, offering more accurate disease diagnostics
platforms.
The intelligent systems I develop also could be ideal for IoT-based adaptive air pollution
monitoring systems. Ubiquitous deployment of a distributed network comprising these low-
powered embeddable devices will promote the development of new generational IoT-enabled
air pollution heatmaps and real-time alert systems in smart cities.
Therefore, I believe my technologies have great potentials to disrupt the field of disease
diagnostics and air quality monitoring.
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Appendix A
Raw data for Chapter 5
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Fig. A.1 Raw resistance data for Fig. 5.9
Optimization of print repetitions
Fig. A.2 shows that 20 passes of print produces interconnected film (as compared to 10
passes), as well as producing uniformly distributed particles. The electrical resistance is
≈5 MΩ in the ambient environment which lies within the measurable boundary of 10 M￿.
On the other hand, localized aggregation (see also Fig A.3) is observed in the printed films
with 40 passes. Excessive print repetition is not desirable for manufacturability either, as
it increases fabrication time and material consumption. Therefore, 20 print repetitions are
chosen throughout the project.
162
(a) (b) (c)
Fig. A.2 Microscopic dark field images of the printed ZnO/graphene film with (a) 10 print
repetitions (b) 20 print repetitions (c) 40 print repetitions. Optical magnification of 50x.
(a) (b) (c)
Fig. A.3 Images of the printed ZnO/graphene film with (a) 10 print repetitions (b) 20 print
repetitions (c) 40 print repetitions. Image captured from the printer camera prior to drying
and annealing.
Raw data for Chapter 6
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Fig. A.4 Raw resistance data for Fig. 6.9
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Fig. A.5 Raw resistance data for Fig. 6.15
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Fig. A.6 Raw resistance data for Fig. 6.17
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Fig. A.7 Raw resistance data for Fig. 6.19
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Raw data for Chapter 7
Fig. A.8 Raw resistance data for Fig. 7.3
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Fig. A.9 Raw resistance data for Fig. 7.6
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Raw data for Chapter 8
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Fig. A.10 Raw resistance data for Fig. 8.8(a).
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Fig. A.11 Raw resistance data for Fig. 8.8(b).
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Fig. A.12 Raw resistance data for Fig. 8.9.
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Fig. A.13 Raw resistance data for Fig. 8.17.
